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INTRODUCTION 
General Statement and Purpose 
During the Quaternary, environments everywhere underwent repeated 
changes. The purpose of this study was to determine the Quaternary geology 
of the Five Springs area in the northeastern Bighorn Basin, Wyoming. The 
Bighorn Basin is considered by many geologists to be an excellent example 
of the late Cenozoic development of intermontane basins in the Middle Rocky 
Mountains (Scott, 1965). Five Springs is important and different from many 
other portions of the Bighorn Basin in its abundance of well-preserved 
Quaternary surfaces. A study of the extensive pediments, alluvial fans, 
terraces, and landslides, along with pyroclastic and eolian deposits, 
served as the basis for reconstructing the climatic and geologic history of 
the Five Springs area in the past two million years. Both absolute and 
relative ages for events and materials will be presented, although it is 
recognized that the relative dates are approximations based upon the best 
available data. 
This dissertation deals with the geology of a very small portion of 
the Earth's surface during a minute fraction of geologic time. Observing 
the Earth in this perspective is advantageous because the region in ques­
tion may be studied in great detail. This contributes to our understanding 
of the past: its environments, materials, and processes. The results of 
this study are useful because they may be applied to similar environments 
of Quaternary age elsewhere in the Bighorn Basin. 
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Location and Access 
The study area is located in northeastern Bighorn County, Wyoming, on 
the west side of the Bighorn Mountains (Figs. 1 and 2). The area is 
covered by portions of the-U.S. Geological Survey Cottonwood Canyon and 
Kane 7 1/2-minute topographic maps. The Bighorn River bounds the area on 
the west; the Montana state line lies 14 km to the north. 
Access to the area from the east or west is by U.S. Highway 14A, a 
relocated segment of which opened in 1983 in the Bighorn Mountains. The 
area can be reached from the south by a county road running north from 
U.S. Highway 14. Numerous unimproved roads span the ranch land in the 
region. No communities are located in the study area. Lovell, the nearest 
town, lies 16 km to the west. 
Physiography 
Bighorn Basin and Bighorn Mountains 
The Bighorn Basin is the major topographic depression in northwestern 
Wyoming (Fig. 1). It is bounded to the east by the Bighorn Mountains and 
to the south by the Owl Creek Mountains, which peak at elevations in excess 
of 4000 m and 2700 m, respectively. The Absaroka and Beartooth Mountains 
rise to altitudes between 3600 m and 3900 m to the west and northwest, and 
the Pryor Mountains (maximum elevation 2660 m) lie to the north. A low 
saddle between the Beartooth and Pryor Mountains, known as Pryor Gap, is 
the only nonmountainous area bordering the Bighorn Basin. Elevations in 
most of the basin range from less than 1200 m along the Bighorn River to 
more than 1800 m on benches. Tatman Mountain, located in the central 
Fig. 1. Physiographic map of the Bighorn Basin and location of the study area (Modified after Van 
Houten, 1944, Kozimko, 1977) 
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portion of the basin, is the highest bench, rising 360 m above the Greybull 
River to an elevation of 1860 m. 
Throughout the Quaternary Period, streams with high gradients 
descended into the Bighorn Basin through deep canyons in the surrounding 
mountains. Alluvial deposits associated with terraces and fans are exten­
sive. 
Bordered on the west by the Bighorn Basin and on the east by the 
Powder River Basin, the Bighorn Mountains form the easternmost segment of 
the Middle Rocky Mountains in northern Wyoming. They are anticlinal and 
doubly-plunging to the north and south. From the river valleys which 
border the range at elevations of 900-1200 m, the mountains rise to an 
altitude of 4018 m at Cloud Peak. At 2400-2800 m, a subsummit surface 
occurs from which high granite peaks project. Alpine glaciers have carved 
into the central portion of these heights during the Pleistocene, leaving 
cirques and moraines in their passing. None of the glaciers reached the 
base of the range. 
Study area 
The Five Springs area is topographically diverse, with a maximum 
elevation of 1560 m occurring along the Bighorn Mountain front north of 
Five Springs Canyon. The lowest point lies at an elevation of 1105 m 
along the Bighorn River (Figs. 1 and 2). All topographic surfaces gener­
ally slope to the west. 
Alluvial fans, pediments, terraces, floodplains, and landslides are 
the primary topographic elements in the Five Springs area; the major drain­
age is the Bighorn River. While few other perennial streams drain the 
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region, there are numerous ephemeral channels. Deep, narrow gorges are 
found on the western flanks of the Bighorn Mountains, the most important 
being Five Springs and Cottonwood Canyons (Fig. 2). Creeks of the same 
name debouch from the canyons, but neither currently discharge into the 
Bighorn River because their waters are used for irrigation. Two other 
local creeks. Sheep and Willow, are recharged by springs at the base of 
the mountains. 
Regional Climate 
The climate of the Bighorn Basin is arid to semiarid. Average yearly 
precipitation at various localities in the basin ranges from 125 to 250 mm, 
with most falling in the winter and spring. Temperatures range from -40°C 
to 40"C with an annual mean of 5°G. Precipitation minus potential évapo­
transpiration reaches a minimum of -125 mm in July and totals -330 to 
-410 mm for the year. Frost-free periods are from 110-130 days (U.S. 
Department of Commerce, 1962). 
The only Weather Bureau Station in the Bighorn Mountains is located at 
Burgess Junction, just east of the study area, at an elevation of 2500 m. 
Here, precipitation increases to 510-760 mm per year, and mean maximum tem­
perature decreases to 7.8°C and mean minimum to -5.5®C. Frost and snowfall 
can occur in any month. Compared with other Rocky Mountain areas, the Big­
horns are relatively dry; peak precipitation occurs in May (Baker, 1944). 
Spring rains come from regional weather systems whereas summer precipita­
tion occurs more commonly in the form of local thunderstorms. 
Because the Bighorn Basin and Mountains are on the east side of the 
Rockies, westerly winds are downslope and thus very dry. The various 
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mountains to the north, south, and west keep moisture-laden winds from 
reaching the basin or west flank of the Bighorn Mountains. If it were not 
for Pryor Gap, the meager rain fall probably would be even less. What air 
does come through the gap releases its moisture as it rises over the Big­
horn Mountains. Thus, the driest part of the range is along the northwest 
flank, in the rainshadow of the Pryor and Beartooth ranges. Another rain-
shadow occurs southeast of Cloud Peak. The source area for most of the 
moisture is the Montana grassland to the north and northwest. 
Vegetation 
The western portion of the Five Springs area, which receives less than 
200 mm of precipitation annually, has a desert scrub vegetation composed 
chiefly of sage, greasewood, salt grasses, and many varieties of cacti 
(Table 1). As rain fall increases toward the Bighorn Mountains, grasses 
become more abundant on the upland surfaces. The principal varieties are 
wheatgrasses, rye, and needlegrass (Beetle, 1977). Juniper is found on 
many of the hills throughout the area- while cottonwoods and willows thrive 
along permanent streams. 
At lower elevations along the Bighorn Mountain front, ponderosa pine 
(Pinus ponderosa var. scopulorum) is commonly found along with grassland 
species. With increasing elevation grow such trees as Englemann spruce 
(Picea engelmanni), lodgepole pine (Pinus contorta spp. latifolia), balsam 
poplar (Populus balsamifera), and aspen (Populus tremuloides) (Porter, 
1962). 
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Table 1. List of plants common to lower vegetation zones in the northeast­
ern Bighorn Basin (Compiled from Porter, 1962; Fisser, 1964; 
Hitchcock, 1971; Preston, 1976; Beetle, 1977) 
River Bottom Zone 
Box Elder 
Sunflower 
Plains Cottonwood 
Willow 
Sandbar Willow 
Cat Tail 
Cocklebur 
Wheatgrasses 
Foxtail 
Low Sagebrush 
Silverscale Saltbush 
Foxtail Barley 
Prickly Pear Cactus 
Greasewood 
Needlegrass 
Giant Ryegrass 
Desert and Basin Zone 
Foothills Scrub Zone 
Curlleaf Mountain Mahogany 
Rocky Mountain Juniper 
Acer negundo 
Helianthus petiolaris 
Populus sargentii 
Salix amgdaloides 
Salix exigua 
Typha latifolia 
Xanthium chinense 
Agropyron spp. 
Alopecurus aequalis 
Artemisia arbuscula 
Artiplex argentea 
Hordeum jubatum 
Opuntia polycantha 
Sarcobatus vermlculatus 
Stipa comata 
Elymus cinereus 
Cercocarpus ledifolius 
Juniperus osteosperma 
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Rock type and landforms exert a control on vegetation pattern in 
several ways: 
1. Soils derived from sedimentary rocks support grassland 
and, at higher elevations, forest of Englemann spruce. 
2 .  On sedimentary areas in the Bighorn Mountains, forests 
cover less than 50% of the area, while on granitic 
substrates forests cover over 80% of the surface. 
3. The thick layers of Paleozoic carbonates along the 
mountain front are cut by canyons on the lower slopes. 
The upper ends of the canyons are forested on the 
north and south sides, as are the interfluves between 
the canyons, but towards the lower ends the forest is 
confined only to the north-facing side. 
4. Between the canyons the slopes are structurally 
controlled, which explains the linear pattern of 
forests found there. 
5. On top of the Bighorns near Medicine and Bald 
Mountains, shales of the Gros Ventre and Gallatin 
formations weather to rounded, gently sloping hills. 
Where their sides face north, these hills are covered 
by forests, but on south-facing slopes the combination 
of scant precipitation and fine soil dictates the 
growth of grassland vegetation (Despain, 1973). 
6. Aspen frequently grows on landslide debris, as the 
talus is usually poorly drained. 
Culture and Resources 
The study area is entirely rural, with only two permanent residences. 
More homes, however, are found immediately to the west across the Bighorn 
River. Cattle and sheep graze on some portions of the land, while crops 
are grown on irrigated plots near Cottonwood and Five Springs creeks. 
Timber has been removed from forests in the Bighorn Mountains. 
Bentonite has been mined since the mid-1970s from shales in the Shell 
Creek and Mowry formations. Operations are found east of Crystal Creek 
Road (Fig. 2). 
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Methods of Investigation 
Field work, which is the basis for this study, was conducted during 
the summers of 1977 through 1980. Geologic and geomorphic units were 
plotted on two U.S. Geological Survey 7 1/2-minute series topographic 
quadrangle maps. 
Each geomorphic unit was described in the field. Equipment including 
the Brunton compass, plane table and alidade, and tape were employed where 
applicable. Surficial materials were likewise sampled in the field to 
permit laboratory study, which involved pétrographie analysis at Iowa State 
University and the University of Southwestern Louisiana. 
Numerous pebble counts were conducted in the field to determine litho­
logie composition of the various Quaternary deposits. A 3 m x 3 m square 
was selected, and 100 clasts greater than 2 cm in diameter were counted and 
measured at each site. Provenance of the constituent materials was then 
determined. 
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REGIONAL GEOLOGIC SETTING 
The Bighorn Mountains were uplifted during the Laramide orogeny in 
Eocene time. They rose before the uplift of the Black Hills to the east, 
but after the rise of the Beartooth, Absaroka, and Wind River ranges to the 
west (Sharp, 1948). The Bighorn Mountains were caused by the uplift of 
three large basement blocks aligned in a north-south direction forming a 
doubly-plunging anticlinal structure near the edge of the Cordilleran 
miogeosyncline (Hoppin and Jennings, 1971). The northern and southern 
blocks are still covered by sedimentary layers and reach elevation of 
2700-3000 m in the north and 2400-2700 m in the south. The central block 
was lifted higher, and it is there that the highest peaks, such as Cloud 
Peak, are found. 
The interior of the Bighorn Mountains is composed of Precambrian gran­
ite and gneiss, with Paleozoic strata of shale, limestone, dolomite, and 
sandstone mantling the flanks. The Mesozoic beds have been eroded from the 
mountains, but are still present along with Cenozoic deposits in the Big­
horn Basin (Fig. 3). A comprehensive treatment of the regional geology has 
been presented by Thomas (1965). 
Phanerozoic sedimentation was initiated in northwestern Wyoming when 
the early craton was transgressed from the west by shallow marine water. 
The basal beds of the Sauk Sequence (Fig. 4; Sloss, 1963) consist of sand­
stones derived from erosion of the Canadian Shield, as seen in the Middle 
Cambrian Flathead Sandstone. The overlying Gros Ventre and Gallatin forma­
tions document the Middle to Late Cambrian transgression of the Sauk Sea, 
Fig. 3. Stratigraphy of the study area 
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which caused a slow shift of sand, shale, and carbonate facies. A regres­
sion followed in the Early Ordovician. 
A second cycle of transgression, sedimentation, and regression com­
prises the Middle Ordovician through Silurian rock record of the Bighorn 
Basin, This cycle, the Tippecanoe, is marked by the Bighorn Dolomite 
(Sloss, 1963). Renewed subsidence during the Devonian is indicated by 
clastics and carbonates of the Jefferson Limestone and Three Forks Shale. 
The Kaskasia Sequence contains these Devonian strata and the overlying 
Mississippian Madison Limestone (Sloss, 1963). 
Regression during latest Mississippian time marked the end of the last 
major Paleozoic marine sedimentation phase. Orogenic events, including the 
Alleghenian, Ouachita, Arbuckle, and Ancestral Rocky Mountain events, 
resulted in cratonic uplift in the northern plains and Rocky Mountain re­
gion (Steam et al., 1979). The Absaroka Sequence (Sloss, 1963) is charac­
terized by interfingering of terrestrial clastic sediments with marginal 
marine and evaporite deposits. Included are the Pennsylvanian Amsden and 
Tensleep formations» the middle Permian Phosphoria Formation, the Triassic 
Dinwoody Formation and Chugwater Group, and the Middle Jurassic Gypsum 
Spring Formation. 
Late Jurassic and Cretaceous sedimentary rocks in the Bighorn Basin 
comprise a single cycle of thick sediments. The base of the Zuni Sequence 
is defined by marine sediments of the Middle Jurassic Sundance Formation 
(Sloss, 1963). With subsequent emergence, possibly associated with the 
Nevadan Orogeny (Furer, 1970), continental sediments were deposited upon 
the Sundance and comprise the Late Jurassic Morrison and Early Cretaceous 
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Cleverly formations. The Cretaceous sea then transgressed from the north­
east as evidenced by the Sykes Mountain Formation and Thermopolis Shale. A 
minor regression followed, during which time the Muddy Sandstone was de­
posited. With a subsequent readvancement, the Shell Creek Shale and the 
Mowry Shale were laid down. 
During Late Jurassic and Early Cretaceous time, volcanism associated 
with the intrusion of the Idaho Batholith ejected large volumes of pyro-
clastic debris into the atmosphere. Ash was carried eastward by winds and 
deposited in the Cretaceous sea, becoming part of the aforementioned units 
and accounting for the highly bentonitic beds in formations such as the 
Mowry Shale. 
Marine deposition continued during the early part of Late Cretaceous 
time, resulting in the Frontier Formation. The initial development of the 
Bighorn Basin may be documented by depositional patterns of the Peay Sand­
stone Member (Thomas, 1965), indicating that the Bighorn Basin is a "basin" 
in both the structural and topographic sense of the word. The basin floor 
continued to subside during the Laramide Orogeny, during which time the 
Cody Shale accumulated. An eastward regression began as the Laramide 
intensified, producing an interfingering set of marine and nonmarine beds 
of the Mesa Verde Formation (Asquith, 1970). By the end of Cretaceous 
time, nonmarine sedimentation had largely replaced the ma.rine, resulting in 
the deposition of the sandstones and shales of the Meeteetse and overlying 
Lance formations. Fresh and brackish water sediments of the Fort Union 
Formation accumulated in the Paleocene Epoch; the Fort Union marks the top 
of the Zuni Sequence (Sloss, 1963). 
20 
Regional uplift of Paleocene and older rocks occurred during the Early 
Eocene, which resulted in roughly the modern shape of the Bighorn Basin 
(Love, 1970). The relief in northwestern Wyoming was great, but the 
erosion products of the recently-formed ranges were filling the basins with 
alluvial and lacustrine sediments. Fine-grained sediments of the Eocene 
Willwood and Tatman Formations document the initiation of the Tejas 
Sequence, which includes all cratonic volcanic and sedimentary rocks of 
late Paleocene and younger age (Sloss, 1963). While volcanism was occur­
ring in the middle and late Eocene in the Absaroka Range, Laramide tecton-
ism was declining. A mid-Eocene westward tilting of the Bighorn Basin was 
responsible for the formation of several large decollements, which are 
marked today by topographic highs such as Heart Mountain (Fanshawe, 1971). 
During the Oligocene, Miocene,and Pliocene drainage from the surround­
ing mountains filled much of the Bighorn Basin with clastic sediments. 
Volcanic debris was also incorporated into the fill whose surface ultimate­
ly attained an elevation of 2700 m above sea level (Van Houten, 1944, 1952). 
In late Pliocene time, much of the present relief of the northern Wyoming 
Rockies was produced by regional uplift associated with the formation of 
the Tetons (Horberg and Nelson, 1949; Love et al., 1963). This, coupled 
with Quaternary climatic changes, caused rivers to erode the Bighorn Basin 
sediments and cut canyons through the emerging basement rocks. During 
several stages of deposition and subsequent erosion, rivers also cut a 
succession of terraces. 
21 
STRATIGRAPHY AND STRUCTURE 
Introduction 
In the northeastern Bighorn Basin, the complete sedimentary section 
is approximately 6000 m thick. Of this, the Paleozoic formations comprise 
about 900 m, and are overlain by approximately 3100 m of Mesozoic strata 
and 2000 m of Cenozoic sediments (Kozimko, 1977). 
Bedrock in the Five Springs area generally dips to the southwest at 
angles from near vertical at the Bighorn Mountain front to less than 5° 
near the Bighorn River. Dips to the northeast are found on the far south­
western portion of the region as beds dip away from the axis of Little 
Sheep Mountain (Fig. 5). Structurally, the study area is part of a broad 
•northwest-southeast trending syncline. Other minor folds and faults may be 
noted in some outcrops, although they have little topographic expression. 
Because this study deals primarily with the geomorphology of the region 
around Five Springs Creek, detailed stratigraphie sections were measured 
only in Quaternary sediments= In the study area, bedrock of Permian to 
Cretaceous age is exposed (Fig. 3), and rocks as old as Precambrian outcrop 
in the Bighorn Mountains outside the eastern border. Precambrian and 
Paleozoic materials are frequently encountered in the alluvial and collu-
vial units in the Five Springs Area. The descriptions of the exposed 
strata that follow are based on data obtained by the author from outcrops 
in the study area and its environs, from detailed stratigraphie studies by 
other workers in the region, and from literature describing the type sec­
tion. 
Fig. 5. Geologic map of the Five Springs area: Kane and Cottonwood 
Canyon quadrangles 
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Exposed Formations 
Permian 
Phosphoria Formation Red and green siltstones overlain by gray 
carbonates are exposed in Phosphoria Gulch near Meade Park, Idaho, the type 
locality of the Phosphoria Formation described by Richards and Mansfield 
(1912). Gypsum chert, and shale may also be present. This middle Permian 
unit averages 75 m in thickness, and unconformably overlies the Tensleep 
Sandstone. 
The basal siltstones of the Phosphoria Formation apparently accumu­
lated in a lagoonal environment, whereas the overlying carbonates were part 
of a barrier reef system (Campbell, 1962). Minor fluctuations in sea level 
were common while the Phosphoria was being deposited, and facies change 
frequently. 
Exposures of the Phosphoria Formation are found in the southwestern 
portion of the study area (Fig. 5). The unit weathers into a sandy clay 
soil vegetated primarily by salt sage and juniper. 
Triassic 
Dinwoody Formation Condit (1916) first described the Dinwoody 
Formation at Dinwoody Canyon in the Wind River Mountains. It unconformably 
overlies the Phosphoria Formation and is approximately 20 m thick. Green 
siltstone is the primary rock comprising the Dinwoody, although gypsum may 
also be present locally. Kinsman (1969) concluded that the Dinwoody beds 
were likely deposited in a sabkha or isolated marine environment along the 
margin of a shallow embayment. This formation outcrops near the Bighorn 
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Mountains in the northeastern part of the study area, and in the south on 
the east flank of Little Sheep Mountain (Fig. 5). 
Chugwater Group/Red Peak Formation Darton (1904) referred to 375 m 
of red sandstones, siltstones, and shales along Chugwater Creek near Iron 
Mountain, Wyoming, as the Chugwater Formation. This included all strata 
from the top of the Tensleep Sandstone to the base of the Sundance Forma­
tion. Later removal of certain of these beds to form the Embar (Darton, 
1906) and Gypsum Spring (Love, 1939) formations reduced the thickness of 
the Chugwater. 
Love (1957) designated four members of the Chugwater Formation: the 
Red Peak Shale, the Alcova Limestone, the Crow Mountain Sandstone, and the 
Popo Agie Member. More recently. High and Picard (1967) recommended group 
status for the Chugwater and formation, status for three of the original 
members: The Red Peak, the Crow Mountain, and the Popo Agie. 
Only the Red Peak Formation outcrops in the study area, where it con­
formably overlies the Dinwoody Formation. The remaining units of the Chug­
water Group were eroded prior to deposition of the overlying Gypsum Spring 
Formation. The Red Peak consists of 150-180 m of red ferruginous silt-
stones and fine sandstones, with some interbedded green siltstone lenses. 
It is largely a tidal flat and tidal mudflat deposit (Picard, 1967) with 
its deep red color due to secondary oxidation of iron-bearing minerals into 
stable ferric iron oxide. 
In the Five Springs area, the Red Peak Formation is located at the 
base of the Bighorn Mountains and has locally been planed into pediments. 
These erosional surfaces are commonly veneered with alluvium, obscuring 
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the underlying Red Peak. Outcrops are also found to the south along 
Crystal Creek Road (Fig. 5). 
Jurassic 
Gypsum Spring Formation The Gypsum Spring Formation unconformably 
overlies the Red Peak Formation. It was described near Dubois, Wyoming, by 
Love (1939) and dated as Middle Jurassic by using fossils (Imlay, 1956). 
The basal portion of the formation is comprised of a massive gypsum bed, 
which is overlain by thinly-bedded, locally fossiliferous carbonates, mud-
stones, and shales; a variety of allied sabhka environments are associated 
with the formation of the Gypsum Spring (Kinsman, 1969). It averages 70 m 
in thickness, and is identifiable throughout the eastern and southwestern 
portions of the study area (Fig. 5). 
Sundance Formation Exposures of sandstone, shale, and limestone in 
the Black Hills were first designated the Sundance Formation by Darton 
(1899); the type section was measured ten years later by Darton and O'Hara • 
(1909) near Belle Fourche, South Dakota. Based on paleontological work by 
Neely (1937), Imlay (1956) subdivided the Sundance into the "Lower Sundance" 
and the "Upper Sundance," which he correlated with the Rierdon and Swift 
formations of Montana, respectively. The Sundance is of Late Jurassic age 
and is approximately 120 m thick (Brainerd and Keyte, 1927). 
The Sundance Formation was deposited in marine environments that 
varied considerably through time. Imlay (1956) and Rioux (1958) differen­
tiated three separate units in the "Lower Sundance," beginning with basal 
oolitic limestones and sandstones which unconformably rest upon red and 
green mudstones of the Gypsum Spring Formation. Above the basal strata are 
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fossiliferous green slltstones and shales containing the Gryphaea 
nebracensis zone (Rioux, 1958). These are overlain by the uppermost unit 
which consists of flaggy, cross-bedded sandstones. 
The "Upper Sundance" has been divided into a lower green siltstone and 
shale unit and an upper, fine-grained, glauconitic sandstone (Imlay, 1956; 
Rioux, 1958). Three fossil zones occur in the "Upper Sundance": Ostrea 
engelmanni, Pachyteuthis densus, and Camptonectes bellistriatus. 
In the Five Springs area, sandstones and limestones of the Sundance 
Formation form low hogbacks near the Bighorn Mountains and along Crystal 
Creek Road (Fig. 5). Less resistant shales and slltstones erode into strike 
valleys where exposures are very poor. 
Morrison Formation A slow westward regression, possibly associated 
with the Nevadan Orogeny (Furer, 1970), commenced near the end of Late 
Jurassic time, with nonmarine sedimentation being responsible for deposi­
tion of the Morrison Formation. It is exposed locally in badlands west of 
the Bighorn Mountains in the study area (Fig. 5). The type locality is 
near Morrison, Colorado (Emmons et al., 1896; Waldschmidt and Leroy, 1944), 
and this formation has been recognized throughout most of the Rocky Mountain 
region (Burk, 1957; Reeside et al., 1957; Moberly, 1960). In the northeast­
ern Bighorn Basin, the Morrison is transitional into both the Sundance 
Formation below and the overlying Cleverly. Its average thickness is 100 m. 
The lower portion of the Morrison Formation is composed of variegated 
siltstones, shales, and sandy shales, with lenses of white to light-gray 
sandstone. Associated with these beds are fragments of identifiable 
dinosaur bones. Lateral variation is conspicuous in the upper part of the 
28 
Morrison, with beds ranging from conglomeratic sandstones to variegated, 
calcareous siltstones and mudstones to concretionary masses of chalcedony. 
The Morrison Formation was deposited by meandering streams flowing 
eastward from the Cordilleran highlands across a broad, subtropical alluvial 
plain (Moberly, 1960). Volcanic ash derived from island arcs to the west 
and carried eastward by the prevailing winds also accumulated with the 
clastic sediments on the alluvial plain. Devitrification and alteration of 
the ash followed, making the Morrison highly bentonitic. 
Early Cretaceous 
Cloverly Formation The Aptian to early Albian (Peck and Craig, 
1962) Cloverly Formation was named by Darton (1904) after Cloverly, a former 
post office on the eastern side of the Bighorn Basin, and he correlated it 
with the Dakota Sandstone of the Black Hills (Darton, 1906). Moberly (1960) 
established three members of the Cloverly Formation which cumulatively total 
about 60 m in thickness. The lowermost Pryor Conglomerate is a tan to gray 
pebble conglomerate, the coarse fraction consisting principally of chert, 
chalcedony, and jasper. Conformably overlying the Pryor is the Little Sheep 
Mudstone, which consists of drab beds of tuffaceous mudstone interpreted by 
local sandstone lenses. Thin to massive tan sandstones interbedded with 
green siltstones are characteristic of the upper Himes Member. The Clover­
ly, like the Morrison, is of fluvial origin. 
Badland topography typically develops in much of the Cloverly Forma­
tion, just as it does in the Morrison. Rainbow Canyon exposes spectacular 
badlands in the study area 1 km south of US 14A. Massive channel sands of 
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the Rimes Member outcrop 1 km south of Cottonwood Creek in Sec. 7, 
T. 56 N., R. 93 W. and Sec. 12, T. 56 N., R. 94 W. (Fig. 5). 
Sykes Mountain Formation Ferruginous sandstones and siltstones of 
the middle Albian Sykes Mountain Formation conformably overlie the Cloverly. 
Sykes Mountain, located southwest of Horseshoe Bend in Bighorn Canyon 
National Recreation Area, is the type locality (Moberly, 1960). A thick­
ness of 30 m is typical. Ripple marks and shark fossils may be found 
locally; an upper black shale is likewise present. The Sykes Mountain 
Formation accumulated on a continental shelf (Eicher, I960.). 
In the Five Springs area, the Sykes Mountain forms a resistant cap 
over the Cloverly Formation. This is well displayed in Rainbow Canyon 
(Fig. 5). Hogbacks are found further north where both formations dip more 
steeply southwestward from the Bighorn Mountains. 
Thermopolis Shale Beds of gray to tan shale, interbedded with 
quartz sandstone, siltstone, and carbonate, were originally described near 
Thermopolis, Wyoming by Hewett (1926). Cobban and Reeside (1951) and 
Moberly (1960) later redefined the Thermopolis to include those beds lying 
conformably above the Sykes Mountain Formation and below the Muddy Sand­
stone. Ostrum (1970) assigned an age of early middle Albian to the Therm­
opolis. Its average thickness is 75 m. 
Beds of bentonite, some of which are almost a meter thick, are found 
locally within the Thermopolis Shale. Marine fossils likewise occur, as 
does dahllite, a distinctive type of phosphatic concretion which is fre­
quently present in the dark shale at the base of the formation. 
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The Thermopolis Shale underlies extensive portions of the central study 
area (Fig. 5), although it is commonly veneered with alluvium and colluvium 
from adjacent formations. Poor exposures are attributed to the abundance 
of nonresistant beds. 
Muddy Sandstone The Muddy Sandstone overlies the Thermopolis Shale 
as a fairly resistant unit 10-13 m thick. It was originally described by 
Darton (1908), but was not given formation status until the results of work 
done on it were published by Cobban and Reeside (1951) and Eicher (1960). 
The type section northeast of Greybull, Wyoming, was specified by Paull 
(1962). 
White to gray, fine-to-medium-grained bentonitic sandstones interbedded 
with thin, brown to black siltstones and shales comprise the Muddy. 
Laminae, cross-bedding, and ripple marks are structures displayed by some 
of the sandstones. Continental margin conditions existed during deposition 
such that sediments of deltaic, tidal channel, and barrier bar origin may 
be found in the Muddy (Paull, 1962; Woncik, 1969). 
Excellent outcrops of the Muddy Sandstone in the study area are 
located south of US 14A along the sides of cuestas in the Cottonwood Canyon 
Quadrangle (Fig. 5). Here, the light, moderately-resistant sandstone forms 
a conspicuous band between beds of black shale. 
Shell Creek Shale Strata equivalent to the Shell Creek Shale were 
first described by Darton (1906), but it was not until 1960 that the present 
name was proposed for beds at the type locality east of Greybull, Wyoming 
(Eicher, 1960). The Shell Creek Shale lies conformably above the Muddy 
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Sandstone and attains a thickness of 85 m. Katich (1962) determined its 
age to be late Albian. 
Brown to black shale interbedded with layers of tan siltstone and 
bentonite compose the Shell Creek. These were deposited in a moderately 
deep marine environment as a southward transgression continued. 
Exposures of the Shell Creek Shale are generally poor due to rapid 
weathering. The best outcrops of this unit in the study area are in cuestas 
located south of US 14A in the Cottonwood Canyon Quadrangle, or in bluffs 
along the eastern shore of Bighorn Lake in the northern half of the Kane 
Quadrangle (Fig. 5). 
Mowry Shale Darton (1904) was first to apply the name "Mowrie" to 
siliceous strata along Mowrie Creek in Johnson County, Wyoming. The Mowry 
Shale of Albian age (Merewether et al., 1975) has a thickness of 100,m. 
The Mowry is composed of gray shale, much of which is siliceous, 
interbedded with bentonite and sandstone units that range in thickness from 
2 cm to over 1 m. Fish scales are characteristically found in the shale, 
and lenses of selenite over 1 cm thick are present throughout the formation. 
The siliceous beds are more resistant than the nonsiliceous strata. 
The Mowry Shale was deposited on the outer continental shelf in deeper 
water than the Shell Creek Shale (Eicher, 1960). Periodic enrichment of 
the Mowry sediments with volcanic ash accounts for the siliceous nature of 
certain beds. 
Cuestas capped with the Mowry Shale are located south of US 14A 
(Fig. 5). Bentonite is extracted from the formation north of Crystal Creek 
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Road and sent to Lovell for processing. This is the only mining operation 
currently active in the Five Springs area. 
Late Cretaceous 
Frontier Formation The Cenomanian and Turonian Frontier Formation 
(Merewether et al., 1975) consists of 140 to 170 m of sandstone, siltstone, 
and shale. Knight (1902) described the type section near the town of 
Frontier in southwestern Wyoming. 
Outcrops of the Frontier Formation are comprised of thin basal sand­
stone and shale, overlain by the tan, fine-to-medium-grained Feay Sandstone. 
The top of the formation is marked by the Torchlight Sandstone (Lupton, 
1916; Hewett and Lupton, 1917), containing abundant, well-rounded chert, 
quartzite, and andesite pebbles from 1 cm to 4 cm in diameter. Between the 
two is a sequence of sandstone, shale, coal, and bentonite beds. Many units 
are thin bedded and laterally discontinuous. Sedimentary structures in 
sandstones include ripple marks and cross-beds. Beds of bentonite are 1-3 m 
thick, the most persistent of which Rioux (1958) referred to as the Stucco 
Bentonite. Invertebrate fossils of marine origin, mainly ammonites and 
pelecypods, are common in the upper part of the Frontier. 
The lower one-half to two thirds of the Frontier Formation consists of 
alternating marine bar sandstones and interbar shales which grade upward 
through a prodelta facies into delta plain and delta margin facies (Siemers, 
1975). Bentonites are the result of the accumulation of volcanic ash from 
a westerly source. A succeeding late Turonian marine advance to the west is 
documented by a thin transgressive sandstone and variable shallow marine 
sediments of the uppermost Frontier (Merewether et al., 1975; Siemers, 1975). 
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The Frontier outcrops in the southwestern part of the study area 
(Fig. 5). Its resistance makes it an important caprock on many ridges 
there. 
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SURFICIAL GEOLOGY 
Introduction 
The geomorphic features of the Five Springs region are the result of 
fluvial processes and mass movements during the Quaternary Period. The area 
is a small but geologically significant portion of the larger Bighorn Basin. 
Thus, before beginning a discussion of the geomorphic elements in the study 
area specifically, a review of geomorphic ideas on the entire Bighorn Basin 
is in order. 
Review of Pertinent Literature and Discussion of the 
Geomorphic Evolution of the Bighorn Basin 
The basis of geomorphic work in the Bighorn Basin was established by 
Mackin (1935, 1936, 1937, 1947, 1948), who not only mapped the area exten­
sively, but also formulated several fundamental concepts concerning fluvial 
processes and landforms. The following discussion is adapted from his ideas 
on the late Tertiary and Quaternary history of the region. 
In the Bighorn Basin, terraces and benches underlain by bedrock and 
capped with gravels represent former floodplains of the various rivers, in­
cluding the Bighorn, Greybull, and Shoshone. The ancestral Greybull River 
originally flowed on the surface of Tatman Mountain; the latter rises to an 
elevation of 1860 m. Gravel on the mountain is chiefly composed of volcanic 
rock fragments, showing that the Absaroka volcanic field to the west was the 
likely sediment source. The gravels of the lower terraces and alluvium of 
the rivers are also partly of volcanic composition and are all very similar 
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in lithology and size. Mackin (1937) estimated the original valley floor, 
now represented by only a gravel cap on Tatman Mountain, to have been at 
least 33 km wide. 
After deposition of the Tatman gravel and subsequent incision to form 
the bench, the Greybull River developed another floodplain at a lower level. 
This entrenchment was in response to incision by the Bighorn River, a rela­
tionship which was partially responsible for Mackin*s (1948) formulation of 
the concept of graded rivers. Other streams behaved in similar fashion, 
such that periodic lateral movements of the rivers and attendant downcutting 
resulted in the streams flowing at successively lower levels, the lowest of 
which are the present valleys. Stream captures throughout the Bighorn Basin 
were frequent, and occurred, according to Mackin (1936), because the gradi­
ent of the graded capturing stream, which was adjusted to the transportation 
of fine sand and silt, was lower than the gradient of the river being cap­
tured, which was adjusted to transportation of coarse rock debris. After 
the capture, a new floodplain formed at a lower elevation. Subsequent 
cutting of this surface resulted in a terrace. 
To summarize Mackin's (1937) work, the outline below presents the six 
stages of regional erosion which he described for the Bighorn Basin; 
1. Tatman-Pine Ridge Stage. Early to middle Pliocene. 
Streams at this time were up to 360 m above the 
present valley floors. 
2. YU Mesa (?Polecat) Stage. Late Pliocene. Streams 
formed gravel-straths 150-205 m above modem 
channels. 
3. Roberts-Emblem-Powell Stage. Pleistocene. 
Gravel-capped straths developed 45-90 m above present 
streams. 
4. Red Lodge-Cody Stage. Pleistocene. Gravel deposits 
23-64 m above modern channels. This and the above 
stages are all pre-Bull Lake in age. 
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5. Pinedale Stage. Pleistocene. This is represented by 
the Greybull Terrace, which lies 3-12 m above the 
present stream. 
6. Modem valleys. 
Mackin's work in the 1930s and 1940s remained unchallenged until 
lately. Recent examination of areas he studied have, however, caused inves­
tigators to question some of his original findings and to propose new ideas 
about the region's history (Andrews et al., 1947; Moss and Bonini, 1961; 
Ritter, 1967, 1975; Moss and Whitney, 1971; Merrill, 1973; Moss, 1974; Palm-
quist, 1978, 1979, 1983, 1984; Birdseye, 1978, 1980, 1983; Cooley and Head, 
1979; Ritter and Kauffman, 1983; Reheis, 1984; Reheis and Agard, 1984). 
According to Ritter (1975), any model depicting the geomorphic evolu­
tion of the Bighorn Basin must account for three topographic elements found 
throughout Wyoming: 
1. a subsummit surface at elevations of between 2700 and 
3450 m on the mountain ranges surrounding the basins, 
2. deep canyons that are cut into or completely across 
the surrounding mountain ranges, and 
3. prominent stream terraces occupying major valleys 
throughout the basins. 
Sevan (1925) and Fenneman (1931) were among the first to recognize the 
subsummit surface in the Bighorn Basin and attributed it to regional pene-
planation. Mackin's (1937, 1947) evolutionary model incorporated all three 
of the above physiographic features. He envisioned the subsummit surface 
as the result of late Miocene or early Pliocene pedimentation following a 
long interval of filling which elevated the Bighorn basin floor to the level 
of the surrounding high mountains. Low mountains, such as the Pryors and 
Owl Creeks, were completely buried, and drainage systems were established 
across them. Pedimentation subsequently ceased later in the Pliocene as 
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tectonic uplift occurred (Love, 1960) and streams created superposed can­
yons. Simultaneously, the earlier Tertiary sediments were excavated from 
the Bighorn Basin. Phases of downcutting alternated with lateral planation, 
resulting in the formation of broad terraces (Mackin, 1937, 1947). 
As previously discussed, recent studies have uncovered some yet 
unanswered questions concerning Mackin's model. Ritter (1975) summarized 
several problems that must be considered more fully before a complete 
history of the Bighorn Basin may be established. First, if the Bighorn 
River were filled to Mackin's subsummit level. Heart Mountain, a prominent 
décollement in the northwestern Bighorn Basin, would have been buried under 
post-Early Eocene sediment. No sediment is present stop the mountain today, 
a fact that is difficult to explain if filling occurred, since no evidence 
of drainage has been found on the décollement. 
The rate of excavation of the Bighorn Basin is an aspect of Mackin's 
model that needs to be quantified in detail. Tatman Mountain is the oldest 
and highest bench in the basin, standing 360 m above the modern Greybull 
River. Rohrer and Leopold (1963) dated pollen in the Fenton Pass Formation, 
which caps the bench, as probably early Pleistocene. Mackin envisioned the 
subsummit level to be 450 m higher than the present level of Tatman Moun­
tain. This suggests a denudation of 810 m is slightly over million years, 
which is an extremely high rate. 
Even if the high subsummit surface is temporarily set aside, eroding 
the surface of the Bighorn Basin from the 2 million year B.P. level of 
Tatman Mountain down to the modem Greybull River would require a mean 
erosion rate of 0,18 m/1000 years. At 15 Mile Creek near Worland, Wyoming, 
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the present erosion rate is 0.15 m/1000 years (Ritter, 1975); the drainage 
basin is small. In contrast, a large region, such as along the Bighorn 
River in the study area, is currently being eroded at only 0.05 m/1000 years 
(Ritter, 1975). Thus significantly greater amounts of excavation of the 
Bighorn Basin must have occurred during the Pleistocene. What has yet to 
be determined for the entire basin, however, is a quantitative measure of 
denudation at any given time in the past. 
Several variables need to be established in order to calculate such a 
value. The exact rate of uplift of the Bighorn Basin is necessary, although 
it has not been computed. The influence of climatic changes during the 
Pleistocene are known for certain areas in and around the basin, but no 
composite model has been formulated for the whole area. Lastly, as this 
dissertation attempts to prove, erosion as Mackin envisioned is not the only 
process instrumental in developing the modem geomorphology of the Bighorn 
Basin. Deposition is important for two reasons. First, new sediment is 
periodically introduced into the basin which counters the denuding forces. 
Second, much of the introduced material is more resistant than previously 
eroded Tertiary sediments, which causes the denudation rate to drop. 
All of the above, then, are difficulties that are encountered when 
attempts are made to calculate former denudation rates. Mackin's pediment 
model is thus purely speculative until more data concerning these variables 
are obtained (Ritter, 1975). 
In light of later evidence and current thought, a final weakness in 
Mackin's model for the erosional history of the Bighorn Basin is his belief 
that terraces here were entirely erosional in origin, formed through 
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widespread lateral planation by the rivers (Ritter, 1975). Moss and Bonini 
(1961) were first to state instead that some of the terraces in the basin 
were formed by alternating intervals of cutting and filling. A re-exami­
nation of many terraces is still continuing today. This topic will be 
treated in more detail when terraces in the study area are discussed in a 
later section. 
Other geomorphic elements in the Bighorn Basin which relate to the 
Five Springs area have received far less attention than terraces. Mass 
movements have been interpreted by Pierce (1968), Bible (1977, 1978), 
Shaser (1978), and Bible and Palmquist (1980). With the exception of work 
on alluvial fans presented by Birdseye (1980, 1983) and Reheis (1984), 
little published information is available on these features in the Bighorn 
region, although excellent reviews of fans in the southwestern United 
States appear in literature by Bull (1962, 1963, 1964a, 1964b, 1968, 1975, 
1977), Beaty (1963, 1970), Denny (1965, 1967), and Hooke (1967, 1968). 
Data on pediments in northwestern Wyoming are similarly lacking; once 
again results of studies in the Southwest are discussed by Denny (1967), 
Hadley (1967), Wamke (1969), Cooke (1970), Cooke and Reeves (1972), and 
Oberlander (1972, 1974). 
It is the aim of this study to examine and integrate all of the above 
wherever applicable in a small postion of the northeastern Bighorn Basin. 
This, combined with similar investigations elsewhere in the basin, will 
help to unravel the history of this region and modify the geomorphic ideas 
of those studying it. 
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Topographie Features 
A variety of Quaternary-age fluvial, eolian, landslide, and volcanic 
deposits constitute the surficial materials in the Five Springs area. All 
unconformably overlie bedrock. 
Prominent hogbacks, flatirons, and cuestas, the forms of which are due 
to underlying stratigraphy and structure, but whose exposure is the result of 
fluvial processes, are apparent locally in the study area. Hogbacks and 
flatirons with dip slopes capped by resistant beds of the Phosphoria, 
Gypsum Spring, and Sundance formations, are found near the Bighorn Moun­
tains and to the south along Crystal Creek Road. These are separated by 
intervening strike valleys eroded into less resistant units. Cuestas up­
held by the Sykes Mountain Formation and the Mowry Shale lie further west 
of the mountains (Fig. 5). 
Other important geomorphic features in the Five Springs area will be 
examined in more detail in the following sections. Included are volcanic 
deposits, floodplains and modern streams, alluvial fans, terraces, benches, 
pediments, landslides, and dunes. The Quaternary history of the region 
will then be discussed, which is based upon the relationships and ages of 
these features and the processes that formed them. 
North Kane Ash 
The North Kane volcanic ash is located north and east of US 14A in the 
northwestern portion of the study area (Fig. 2; Qv, Fig. 5). It has been 
dated at 600,000 years B.P. by Wilcox (1977, written communication, U.S. 
Geological Survey, Denver, CO), who correlated the ash with the Lava Creek 
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Tuff of Yellowstone Park and the Pearlette Type "0" ash found to the east. 
Where it has been sampled in the Five Springs area, the ash is rhyo-
litic in composition. The average index of refraction of its glass shards 
is 1.499, a value which is identical to the mean calculated for shards in 
the type Pearlette (Swineford and Frye, 1946). Field evidence indicates 
that the North Kane Ash is part of an ignimbrite deposit (Booth, 1980, 
personal communication. Dept. of Earth Sciences, Iowa State Univ.). Its 
12 m thickness, antidunes and associated cross-beds, lack of foreign 
matter, pumice content, and accretionary lapilli are all supportive of this 
interpretation. The Yellowstone region, over 200 km to the west, is 
considered the source (Wilcox, 1977, written communication). 
The North Kane Ash differs from others in the eastern Bighorn Basin in 
its large aerial extent and thickness. The white, pure ash (Fig. 6) out­
crops throughout a 2.5 km area south of Cottonwood Creek. It occurs as 
lenses in gravels of the underlying Cottonwood Terrace, and also as a 
massive bed which covers the gravels and fills a paleo-river valley. This 
sequence is capped by carbonate-rich alluvial fan gravels of Qf8 that were 
shed from the Bighorn Mountains (Figs. 7, 8). The North Kane Ash also out­
crops north of Cottonwood Creek near Roundup Spring in Sec. 35, T. 57 N., 
R. 94 W., where it is again capped by Qf8 debris. At all outcrops, imme­
diate burial of the ash by the alluvial fans is implied by the freshness, 
purity, and thickness of the former, and by the sharp contact between the 
pyroclastic material and the fan gravels. 
Ashes of similar age are found at several localities north of the 
study area along the Bighorn River in Wyoming and Montana, where the 
Fig. 6. North Kane Ash in Sec. 3, T. 56 N., R. 94 W. 
Fig. 7. Relationship of North Kane Ash to surrounding alluvial deposits in 
Sec. 3, T. 56 N., R. 94 W. From left to right in upper half of 
photo: dark Cottonwood Terrace gravels, lighter North Kane Ash 
overlying terrace, and alluvial fan Qf8 capping the sequence along 
upper ridge surface. Compare with Fig. 8 
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Cottonwood 
Terrace 
Fig. 8. Diagrammatic cross-section showing relationship of North Kane Ash 
to surrounding alluvial deposits in Sec. 3, T. 56 N., R. 94 W. 
Compare with Fig. 7 
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pyroclastics again rest upon or are mixed with gravels of a 600,000 year 
B.P. terrace level. Along Shell Creek to the south, the Wagon Wheel Ash 
has been correlated with the North Kane (Palmquist, 1983). Wherever they 
are found, the ash deposits make excellent time-stratigraphic markers and 
are hence of importance in deciphering the Quaternary history of the region. 
Unusual features associated with the North Kane Ash are the many rod-
shaped, tuffaceous concretions that may be in excess of 10 cm in diameter 
and 1 m in length (Fig. 9). The concretions are oriented with the long 
axis parallel to groundwater flow and are exposed in the basal portion of 
the deposit. 
The relationship between the North Kane Ash and the surrounding ter­
race gravels suggests that a disruption in the hydraulic regime of the 
Bighorn River may have occurred during eruption. In addition, ash deposits 
associated with landslide debris are found south of the North Kane sites 
near the mouth of Shell Canyon, which led Bible (1978) to conclude that 
slope instability apparently accompanied the volcanic eruptions. 
Streams, Floodplains, and Holocene Alluvium 
The drainage throughout the Bighorn Basin has been subjected to a 
complex sequence of events resulting in an intricate geomorphic history. 
Floodplains here consist of a variety of sediments that are produced by 
diverse processes and accumulate in well-defined zones on the basin floor. 
On active floodplains in the Five Springs region (Qal, Fig. 5) deposits of 
channel lag, channel fill, splays, colluvium, vertical accretion, and 
Fig. 9. Elongate tuffaceous concretions in North Kane Ash at Prospect Pit, 
Sec. 3, T. 56 N., R. 94 W. 
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lateral accretion can be distinguished. The latter two are the most 
important and conspicuous deposits in floodplains of the Bighorn River and 
local creeks. 
Bighorn River 
The Bighorn River, which flows north through the Bighorn Basin from 
the Owl Creek Mountains, is the major trunk stream in the study area (Figs. 
1, 2, 5). Its tributaries here include the following west and southwest 
flowing creeks: Cottonwood Creek, Willow Creek, Sheep Creek, and Five 
Springs Creek. Larger Bighorn River tributaries in other portions of the 
Bighorn Basin include the Nowood River and Shell Creek, which flow west 
from the Bighorn Mountains; the Greybull and Shoshone Rivers originate in 
the Absaroka Mountains and flow east (Fig. 1). The Shoshone joins the Big­
horn River on the west side of Bighorn Lake (Yellowtail Reservoir) adjacent 
to the research area. The Bighorn River drains a total area of approxi-
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mately 42,000 km . Mean annual discharge at the Kane gauging station (Fig. 
5) was 2,300 cfs for the years 1928-1959; highest flow was 25,200 cfs in 
1935, whereas 179 cfs in 1934 was the lowest (Wells, 1959). The channel is 
53 m wide and 1 m deep at this point (Leopold and ^laddock, 1953). 
A 14 km segment of the Bighorn River forms the western boundary of the 
study area. Its floodplain surface varies in width from 0.2 km in the 
southern portion of the Kane Quadrangle to 3 km in the central and displays 
numerous features reflecting the various depbsitional environments associ­
ated with a meandering river system. Included are forms such as meander 
scrolls, chutes, point bars, channel bars, natural levees, oxbows, and 
swell/swale topography. All are most pronounced near the present river; 
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proceeding away from the channel, the floodplain topography flattens. Ox­
bow lakes are found around the Bighorn River, although these gradually fill 
with overbank silt and clay, leaving clay plugs as the only evidence of the 
former channel. 
The Bighorn River transports a minor amount of traction load consist­
ing of fine sand, with some coarser debris washed in from the mouths of 
local creeks during flood. The bulk of its entrained sediment, however, is 
suspended silt and clay. These materials thus comprise the modern alluvial 
deposits in the area. They are varied texturally and lithologically due to 
the diversity of the rock materials comprising the Bighorn drainage basin. 
Provenance of the sediments is not only the Bighorn Basin, but the Absaro-
ka, Bighorn, Owl Creek, and Wind River mountains as well. 
Sedimentation on the floodplain depends on climate and on distance 
from the active Bighorn river channel. The floodplain is rarely completely 
inundated; only once (1978) during the four years of study did major over-
bank flooding occur, and the river re-occupied its former channel following 
the event. Over-bank sedimentation rates are rather low, owing to the re­
latively high velocities of floodplain currents and low concentrations of 
suspended sediments at flood peak. Deposits become finer away from the 
channel. Vegetation localizes sedimentation, and scour may occur in some 
areas. Floodplain sediments dry out between floods allowing desiccation 
cracks to develop. 
The Bighorn River enters the study area through the narrow confines of 
Little Sheep Canyon. Eight kilometers north of this point and continuing 
downstream into Montana there has been considerable modification of the 
channel since about I960 by construction of the Yellowtail Dam at Fort 
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Smith, Montana. The waters of the river are impounded behind the dam to 
form Bighorn Lake (Yellowtail Reservoir), which stretches more than 50 km 
southward into the study area. Normal pool level (and temporary base 
level) is over 6 m above the original surface of the Bighorn River flood-
plain, making an interpretation of former topographic elements and sedi­
ments found in some areas difficult. The natural channel was about 24 km 
long in the study area and had an average overall gradient of 0.93 m/km. 
Its width varied from 50 to 60 m, which is the same as the present width 
in the southern portion of the Kane Quadrangle. 
Local creeks 
"Local creeks" are those that head in the northern Bighorn Mountains 
or piedmont region below the mountains and flow westward through the study 
area to the Bighorn River. While many exist, the most important creeks 
(from north to south) are Cottonwood, Willow, and Five Springs (Figs. 2, 5). 
Drainage patterns in the Five Springs region are varied, with local 
creeks displaying one of four forms (Fig. 5). A distributary pattern of 
braided streams is developed on actively building alluvial fans along the 
front of the Bighorn Mountains, whereas subparallel drainage is found on 
many older fans further from the mountains in the Cottonwood Canyon Quad­
rangle. Parallel drainage occurs on dip slopes in the Mowry Shale in 
Sec. 35, T. 56 N., R. 94 W.; creeks eroding headwardly from the Bighorn 
River across alluvial fans likewise assume this pattern. Subdendritic 
drainage is displayed by the tributaries of Triple Draw. 
In local creek channels where medium to coarse sediment is an impor­
tant part of the load, braided patterns dominate. Floodplains are poorly 
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defined; sediments are irregular and each individual deposit is fairly 
thin. However, complete sequences of considerable thickness are found, 
which indicates that these systems are associated with long-term valley 
filling. Pleistocene aggradation in Cottonwood Creek, for example, has 
allowed sediments up to 6 m in thickness to accumulate near the Bighorn 
River. Almost 5 m of similar deposits are found at the mouth of Five 
Springs Creek. The alluvium consists predominantly of silt, sand, and gra­
vel, the latter composed mainly of granite and/or carbonates, chert, and 
quartzite. 
The primary control on the upper reaches of local creeks is the cli­
mate in the Bighorn Mountains. These tributaries of the Bighorn River 
bridge the transition from the arid basinal climate to the more humid al­
pine climate. They are complex, aggrading in some portions of their drain­
age basins while degrading in others. When viewed in a time independent 
sense, however, the tributaries are in equilibrium. In the case of Five 
Springs, Willow, and Cottonwood Creeks, for instance, continuous headward 
erosion in all channels upstream from their mouths, due to a Late Pleisto­
cene drop in the level of the Bighorn River, suggests that long term 
incision has occurred and should continue. However, in their upper mid­
section these creeks are aggrading locally and implications are that over-
bank flooding can continue during filling because the channel floors and 
the floodplain surfaces are being raised at the same time. When the thick-' 
ness of the alluvial deposits exceeds the limits of a reasonable scouring 
depth, channel incision will prevent the creeks from inundating the former 
surface during flood stage, thus forming a terrace. Terraces lining the 
53 
present creeks attest to this cycle, although long-term climatic and tec­
tonic stability is necessary for its completion. 
Cottonwood Creek Cottonwood Creek is the major drainage across a 
large alluvial fan complex stretching from the Bighorn Mountains to the 
Bighorn River in the northern portion of the study area. In recent years, 
its waters have been diverted out of the channel northward through High 
Ditch for local crop irrigation, thus making it difficult to study the 
actual hydrology of the stream. The natural channel heads in the Bighorn 
Mountains at an elevation in excess of 2575 m. It then flows westward for 
more than 22 km, first through deep, narrow Cottonwood Canyon, then across 
broad alluvial fans, to where it joins the Bighorn River at an elevation 
of 1100 m (Fig. 5). Cottonwood Creek has an average overall gradient of 
67 m/km; the average gradient of the upper valley in the canyon is 127 
m/km, while the gradient of the lower valley is 43 m/km. 
Paleozoic carbonates from the Bighorn Mountains are the dominant 
coarse materials transported by Cottonwood Creek, although some medium to 
fine clastics are also transported. The present channel is entrenched 
locally in its mid-and-lower-sectlons to a depth of 1.5 m below the sur­
rounding surfaces. A description of the channel morphology and alluvium is 
found in Table 2; Cottonwood Creek alluvium is also described in the 
Appendix. 
Five Springs Creek Five Springs Creek erodes Preeambrian crystal­
line rocks, along with Paleozoic strata, high in the Bighorn Mountains be­
fore debouching into the Bighorn Basin at the mouth of Five Springs Canyon. 
It is the largest local creek system in the study area, flowing near the 
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Table 2. Description of Cottonwood Creek morphology and alluvium in 
longitudinal profile from the mouth of Cottonwood Canyon to the 
Bighorn River 
Location Elevation (m) 
Sees. 5 and 6 1440-1330 
T. 56 N., R. 93 W. 
Description 
Carbonate alluvium; angular to suban-
gular boulders up to 2.4 m maximum 
diameter. Channel braided. Creek 
cutting through former debris flow-
some reworking. 
Sec. 6, 1305 Alluvium similar to above. Creek is 
T. 56 N., R. 93 W. part of low alluvial fan which is cut 
into older, higher fan. 
Sec. 1, 1273 Alluvium similar to above. Fan and 
T. 56 N., R. 94 W. floodplain material covers older 
terrace. 
Sec. 1, 1235 
T. 56 N., R. 94 W. 
Sec. 2 1180 
T. 56 N., R. 94 W. 
Sees. 2-4 1180-1100 
T. 56 N., R. 94 W. 
Alluvium consisting of weathered, 
pitted subangular carbonate boulders 
up to 1 m maximum diameter. Channel 
slightly entrenched and straighter. 
Alluvium similar to above. Flood-
plain wider. 
Alluvium consisting of subangular 
carbonate boulders up to 0.3 maximum 
diameter in silty matrix. Channel 
changes from straight to slightly 
meandering down-valley. 3-4 terraces 
border creekbed. Creek in this seg­
ment is incising older fan surface-
knick-point is migrating eastward. 
southern boundary. The creek flows for some 18 km in the basin, with an 
average gradient of 40 m/km. Channel modifications due to highway con­
struction and irrigation occur along several segments of the creek. 
Unlike Cottonwood, Five Springs Creek is not associated with an allu­
vial fan complex at the base of the Bighorn Mountains. Because of high 
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relief and faulted, near-vertical beds in the vicinity of Five Springs 
Canyon, landslide debris is extensive both north and south of the creek. 
It is incising into this coarse material near the mountain front, constantly 
eroding and reworking it in the upper reaches of its channel (Table 3 and 
Appendix). 
Further west, Five Springs Creek first incises and later cuts later­
ally into fill comprising a broad alluvial plain. Deposition occurs 
locally in this segment. Headward erosion becomes dominant again however, 
as the creek nears the Bighorn River, which is in response to recent (prob­
ably late Pleistocene) downcutting by the latter. 
Five Springs Creek is affected by several controls which produce sig­
nificant responses. Near the Bighorn Mountains, incision into landslide 
debris is coiranon. At the creek's mouth, base level changes attributed to 
the Bighorn River control erosional and depositional processes. Only in 
its midsection do both stability and deposition occur. This is as expected 
in an area where landslides associated with high tectonic relief keep fans 
from forming directly at the mountain front and fluvial base level changes 
are too distant to yet affect the middle portion of the creek. 
Stream captures have played and should continue to play a major role 
in the evolution of Five Springs Creek. At least twice during the Pleisto­
cene, the creek flowed west along its present course out of the Bighorns, 
turning northwestward in Sec. 32, T. 56 N., R. 93 W. and flowing into the 
Bighorn River through channels now occupied by Willow Greek and surrounding 
streams. These courses are inferred from terraces and from the large, 
currently inactive Willow Fan which is confined between Willow Creek and 
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Table 3. Description of Five Springs Creek morphology and alluvium in 
longitudinal profile from the new US 14A culvert to the Bighorn 
River 
Location Elevation Description 
NWJj NWH; Sec. 36, 
T. 56 N., R. 93 W. 
SEk NWÎS Sec. 35 
T. 56 N., R. 93 W. 
(Bridge on Rainbow 
Canyon Road) 
1612 Five Springs Creek entrenched 3 m 
into and reworking landslide debris. 
Predominantly course carbonate and 
granite alluvium with subangular 
boulders to 0.3 m maximum diameter. 
1488 Channel bed wider and incised up to 
1 m into and reworking surrounding 
debris. Carbonate and granite allu­
vium more rounded and up to 15 cm 
maximum diameter. 
NEÎ£ NE% Sec. 34, 1440 
T. 56 N., R. 93 W. 
SE% NWk Sec. 34, 1400 
T. 56 N., R. 93 W. 
SWk SWls Sec. 33, 1350 
T. 56 N., R. 93 W. 
(confluence of Sheep 
and Five Springs 
creeks) 
NEls SEJs Sec. 31, 
T. 56 N., R. 93 W. 
NEk swk Sec. 31, 
I. 56 N., R. 93 W. 
Channel bed narrow and incised up to 
3 m. Alluvium similar to that at 
Rainbow Canyon Road. 
Channel bed narrow and incised up to 
2-3 m. Well-defined terrace to north. 
Alluvium similar to that a Rainbow 
Canyon Road. 
Channel bed wide and not significantly 
incised. Carbonate and granite allu­
vium rounded and up to 30 cm maximum 
diameter. Exclusively medium to fine­
grained alluvium contributed by Sheep 
Creek. 
1276 Meandering channel bed 3 m wide. 
Banks variable in height from 0.7 to 
2m. Occupies northern portion of 
broad plain of alluvial fill with 
several intermittent streams to south. 
High terraces north of US 14A. Most 
Holocene alluvium granite and carbon­
ate clasts ranging locally from 10 cm 
to 60 cm in mean maximum diameter. 
Point of former stream captures in 
this area (see text). 
1260 Channel walls minimal to 1-2 m locally 
and alluvial materials from 15 to 30 
cm in maximum diameter common. 
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Table 3 (continued) 
Location Elevation (m) Description 
SWis SWk Sec. 36, 
T. 56 N., R. 93 W. 
SE% SE^s Sec. 2, 
T. 56 N., R. 94 W. 
NW!s SW^ Sec. 3, 
T. 56 N., R. 94 W. 
1218 Creek dammed to form artificial lake. 
Water diverted from this point north 
for irrigation. Intermittent flow 
exists from here to the Bighorn River. 
1170 Channel is incising alluvial fill from 
this point west to near its junction 
with the Bighorn River. Slightly 
entrenched creek in broad alluvial 
valley. Alluvial clasts of carbonate 
and granite to 15 cm in maximum di­
ameter. Prominent terraces north and 
south. 
1100 Junction with Bighorn River. 
bentonite pits in the Mowry Shale (Fig. 5); the former courses stretch 
from the Bighorn River eastward for approximately 7 km. None of the small 
creeks presently flowing across the terrace or fan surfaces head in or 
even near the mountains. Because of the sheer size of the fan it is un­
likely that these small creeks are entirely associated with its formation. 
Furthermore, granite clasts are abundant on the terrace treads and within 
the fan, and Five Springs Creek is the only local creek eroding the Pre-
cambrian. Two captures of the waters of the creek diverted it southwest-
ward through its present valley, which is separated from the former valleys 
by cuestas of Mowry Shale. 
Future captures involving Five Springs Creek will no doubt occur. The 
most likely place will be at Rainbow Canyon, where only a narrow, low 
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interfluve keeps drainage in the canyon from capturing the creek and 
diverting it southwestward through Triple Draw and Black Gulch (Fig. 5). 
Willow Creek Smallest of the major creeks in the study area. 
Willow receives the bulk of its water from drainage along the front of the 
Bighorn Mountains (Fig. 5). It is unique from the other creeks discussed 
here in that it does not head high in the Bighorns and is intermittent over 
its entire course. Closely-spaced tributary channels have scoured a pedi­
ment surface (Qpl) at the head of Willow Creek. To the west Willow Creek 
flows through Willow Fan gravels originally deposited by Five Springs 
Creek. 
Paleozoic carbonate and clastic rocks, along with some Mesozoic sedi­
ments, comprise the load carried by Willow Creek. Alluvium is predominant­
ly fine, with boulders up to 30 cm found locally (also see the Appendix). 
Most of the alluvium comes from reworking landslide and fan deposits, into 
which the creek is incising. Only localized channel bed deposition occurs. 
Willow Creek has an average gradient of 38 m/km and is further outlined 
in Table 4. 
Alluvial Fans 
Introduction 
Alluvial fans are found throughout the Five Springs region, their 
relative topographic positions being largely dependent upon their ages. 
They are mapped in Fig. 5 as "Qf", and numbered in order of increasing 
age (Qf1 to Qf8). 
Small fans are presently forming at the base of the Bighorn Mountains, 
which are denoted Qfl and are found in Sees. 5, 16, 17, 20, 21, T. 56 N,, 
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Table 4. Description of Willow Creek morphology and alluvium in longitu­
dinal profile from the confluence of its major tributaries to 
the Bighorn River 
Location 
SWk NWJs Sec. 30, 
T. 56 N., R. 93 W. 
(confluence of 
tributaries) 
Sec. 25, 
T. 56 N., R. 94 W. 
SWk Sec. 14, 
T. 56 N., R. 94 W. 
Elevation (m) 
1224 
1200 
1150 
Broder Secs. 14 and 1120 
15, T. 56 N., R. 94 W. 
Sec. 15, 
T. 56 N., R. 94 W. 
(US 14A west to 
mouth of Willow 
Creek at Bighorn 
River) 
1105-1100 
Description 
Predominantly coarse carbonate allu­
vium, with minor amounts of granite 
and chert in sand and gravel matrix; 
subangular to subrounded boulders to 
0.3m maximum diameter. Channel 
braided to anastomosing, though 
locally incised into surrounding 
alluvium forming a shallow, narrow 
valley. 
Alluvium similar to above. Channel 
wider than upstream, though still 
braided. Thermopolis Shale exposed 
in valley walls. 
Alluvium finer-predominantly silt 
and clay. Cliannel anastomotic. 
Valley walls lower, floodplain wider.' 
Similar.to above with no coarse allu­
vium. 
Alluvium similar to above, with some 
colluvial and slopewash-deposited 
gravel from the surrounding Red Flat 
Terrace. Broad channel system 
incised into Red Flat surface. Local 
irrigation disrupts flow. 
R. 93 W. Slightly older, larger more dissected fans are found at lower 
elevations between the mountains and the Bighorn River, as indicated by 
Qf2 through Qf4 sequences. These increase in size away from the Bighorn 
Mountains, with largest three referred to here as the Boat Launch, Drill 
Hole, and Willow fans. The most ancient fans (Qf5 through Qf8) have been 
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topographically inverted into benches whose heights are assumed to be 
proportional to age. 
Several factors may be invoked to explain the occurrence of alluvial 
fans in the study area. First, the dissected Bighorn Mountains, with 
channel systems debouching into the Bighorn Basin, are an important pre­
requisite for fan formation. Second, alluvial fans occur mainly where the 
ratio of depositional area to mountain area is small (Hooke, 1968). This 
is true in the case of the research area, where the Bighorn Mountains 
border confined lowlands in the Bighorn Basin. Third, sparse vegetation 
means that positions of drainage channels are relatively unfixed. Finally, 
fan formation and fan morphometry are also partly determined by the loca­
tion, number, and spacing of drainage channels. 
Fan shape is influenced by many features, of which the two most 
important are the point where drainage exits from the mountains, and the 
divergent paths of separate flows (Beaty, 1963). Because of these, a 
decrease in channel depth and flow velocity and an overall decrease in 
discharge combine to concentrate deposition in and immediately adjacent 
to channels leading from the Bighorn Mountains. 
Morphology of fans 
In their simplest form, the most recent alluvial fans (Qfl) are dis­
crete features along the base of the Bighorn Mountains; Denny (1967) 
referred to similar fans in the Southwest as "unsegmented." They have yet 
to undergo prolonged development and hence rarely coalesce. Older alluvial 
fans (Qf2-Qf8) are commonly composed of several segments that have resulted 
from erosional and depositional changes over a period of time. A.variety 
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of morphostratigraphic data were used to distinguish fan surfaces of 
different ages and segments. 
Many unsegmented fans become entrenched near their apices with the 
result that the loci of deposition are moved downslope. Secondary fans 
are thus built on or beyond the former segments, and the upper part of 
the intial fans are no longer zones of deposition. The initial segments 
may become dissected into gullies by local runoff. During these changes, 
the overall area of each fan has increased, and more and more of the sur­
face has become abandoned by depositional processes and dominated by 
erosion. 
The Willow, Drill Hole, and Boat Ramp fans are following such an 
evolutionary trend, as have older fans (Qf5-Qf8) capping the present 
benches in the study area. A drop in base level and entrenchment on the 
surfaces and margins of fan sequences 2 and 3 will ultimately invert them 
into benches also. 
The morphology of alluvial fans in the Five Springs region consists 
of three basic elements: channels, abandoned areas of former fan sur­
faces, and depositional surfaces downslope of channels. Of these fea­
tures, the channels play the most important role, and may be divided into 
two distinct groups. The first includes distributaries from the main 
channel at the apex of the fan. These commonly form a radial pattern of 
braided streams in which channels can be shown to be of widely different 
ages. Channels of this type are found on fans of sequence Qfl along the 
front of the Bighorn Mountains. The second group consists of channels, 
often forming a subdendritic to parallel pattern, that head on the fan 
itself and result from local rather than regional runoff. Such is the 
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case on. fans of sequences Qf2 and Qf3 in the central and northern Kane and 
Cottonwood Canyon quadrangles. Holocene deposits in such ephemeral chan­
nels are of the "Bijou Creek" type (Miall, 1982), where upper flow regime 
conditions mold sand and gravel into a plane bed. Floods are infrequent 
but intense. Silt and clay are deposited during waning flood stages, 
wherein thin fining-upward cycles are generated. Desiccation features are 
common. 
An inherent feature of fan development is the continuously changing 
pattern of channels and sites of deposition. These shifts may occur with­
in a single flood, with successive floods, or more slowly as a result of 
climatic change. They arise largely from the progressive filling and 
overflow of channels often as a result of blockage by boulders or debris 
flows. Over a long period of time these changes ensure the maintenance 
of fan form by distributing material widely over the surface (Denny, 1967). 
In the case of the Boat Ramp, Drill Hole, and Willow fans, which are well-
exposed in cross-section along the Bighorn River, the classic convex-
upward shape of each of the fans was originally maintained by these proc­
esses. Beds of fine sediment alternate with coarse sediment both 
laterally and vertically, as a result of changing flow regimes and points 
of deposition (Figs. 10 and 11). 
Stream piracy is a common process on alluvial fans in the study area 
and arises to a large degree from the juxtaposition of numerous channels 
of differing bedloads and gradients at various levels. Bighorn Mountain-
derived channels typically have a coarser load and steeper gradient than 
creeks confined to fans which receive water and sediment exclusively from 
Fig. 10. Cross-section of the Boat Ramp Fan (QfZ) along the Bighorn River 
in Sec. 4, T. 56 N., R. 94 W. Coarse sediment (sand and gravel) 
is a braided stream deposit; finer debris (silt and clay) is of 
overbank origin 
Fig. 11. Alluvial fan (Qf8) in cross-section in Sec. 3, T. 56 N., R. 94 W. 
This fan caps the North Kane Ash. Coarse sediment (sand and 
gravel) is a braided channel deposit; finer debris (silt and clay) 
is of overbank origin 
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the Bighorn Basin. The maximum diameters of boulders in Five Springs Creek 
and Cottonwood Creek are 4.0 m and 2.4 m respectively; both creeks head in 
the mountains. In contrast, Willow Creek, which flows only through the 
basin, contains clasts no larger than 0.3 m in greatest dimension (Tables 
2, 3, and 4). As previously discussed. Five Springs Creek was captured at 
least twice from its former course across the Willow Fan by a Bighorn 
Basin creek to the south. Similar but smaller diversions are character­
istic of other fans. 
The slopes of modem creeks and older alluvial fans are quite similar. 
The modern lower valley of Cottonwood Creek has an average slope of 2.7°. 
The slopes of lower and upper fans surrounding the present creek, Qf2 and 
Qf8, are 2.5° and 2.0°, respectively. Variations in slope are attributed 
to drainage adjustments necessitated by changes in flow regime and sediment 
load as a result of climatic fluctuations and base level changes in the 
Bighorn River. 
Fan processes and deposits 
Alluvial fans in the research area vary from 4 m to 12 m in thick­
ness» with the Boat Ramp and Willow fans being thickest. Carbonate and 
clastic rocks from Paleozoic strata in the Bighorn Mountains are found in 
all fans. Only alluvial fans whose sediment originated in the vicinity of 
Five Springs Canyon contain granite, a fact which is useful in reconstruct­
ing the routes of former fan systems. Included in this category are the 
Willow Fan (Qf2), Qf3 along Crystal Creek Road in Sees. 9, 10, 15, and 
16, T. 55 N., R. 94 W., and Qf8 south of Five Springs Creek. Additional 
pebble count data for all fans are presented in the Appendix. 
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Alteration of materials during transport is dependent upon the 
distance and mode of carriage. Stream entrained debris is more susceptible 
to mechannical breakdown than the material moved by debris flows. Other 
conditions being equal, sediments in fans display a decrease in grain size 
and an increase in alteration as distance of movement increases. Illustra­
tive of this is Qf8, on which carbonate boulders up to 5 m in diameter are 
found 2.5 km from the Bighorn Mountains in Sec. 34, T. 56 N., R. 93 W. On 
the same fan surface in Sec. 12, T. 55 N., R. 94 W, which is 8 km more 
distant from the Bighorn Mountains, carbonate clasts attain a maximum di­
ameter of only 1 m. 
If alteration during and after transport are considered together, 
granite is the most stable of all the constituents of fans in the research 
area. This is illustrated by the oldest and most weathered fan debris in 
Qf8 in Sec. 6, T. 55 N., R. 93 W. When 100 carbonate and granite clasts 
between 2 cm and 8 cm in maximum diameter and of similar provenance are 
randomly counted, 96% are carbonates and 4% are granite. However, if the 
same number of boulders 0.6 m or more in greatest dimension are analyzed, 
80% are granite and 20% are carbonates. The disparity in these figures 
suggests that significantly less chemical and physical breakdown occurs in 
granite in a given area during transport and by post-depositional altera­
tion than in carbonates, assuming all boulders were of equal size prior 
to weathering. 
Although all alluvial fans in the Five Springs area result from the 
deposition of material carried from the Bighorn Mountains, their constitu­
ent sediments demonstrate that the processes of debris movement are varied 
and range from rockfalls to debris flows to more fluid stream flows. 
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These processes all tend initially to follow established channels. Sheet-
flow material occurs as thinner beds than channel fill, although some 
overbank deposits found near the distal portions of the Boat Ramp, Water 
Tank, and Willow fans are in excess of 2 m in thickness (Figs. 10 and 11). 
Sheetflow deposits are also locally interbedded with debris flow units. 
In the distal and mid-sections of all fans which extend beyond the limit 
of debris flows, sediments consist primarily of massive and locally crude­
ly bedded gravels, forming superimposed longitudinal bar deposits (Figs. 
10, 11, and 12). These are the products of flood processes in braided 
streams, and are well-exposed along the Bighorn River in the Boat Ramp, 
Drill Hole, and Willow fans. Minor lithofacies deposited during low water 
episodes, as in the waning stages of a flood event, include stratified 
gravels and cross-bedded sands. These are commonly found in abandoned 
channels, and form small-scale fining upward cycles not usually in excess 
of 1 m in: thickness. 
Debris flow deposits are best observed associated with fans extending 
from the mouth of Cottonwood Canyon 2 km out into the Bighorn Basin (Qf3 
and Qf4) in Sees. 5 and 6, T. 56 N., R, 93 W. The sediments form long, 
narrow strips that follow former channels. In cross-section they are 
slightly convex-upward, with well-defind lateral ridges of coarse debris 
along parts of their margins. Carbonate boulders 2mx2mx2m are 
common (Fig. 13). The deposits are unstratified and poorly sorted, with 
the carbonates in clumps and embedded in fine material. The boundaries 
of the flow are sharply defined, and have a lobate shape in plan view. 
Similar clumps of boulders are found associated with alluvial fans in 
Fig. 12. Diagrammatic cross-section of the alluvial fan (Qfl-Qf4) and 
debris flow (Qdfa) system in the valley of Cottonwood Creek 
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Fig. 13. Debris flow boulders (2 m'maximum diameter) at the mouth of 
Cottonwood Canyon, Sec, 5, T. 56 N., R. 93 W. 
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Secs. 15, 17, 20, 21, 22, 25, 26, and 35, T. 56 N., R. 93 W. So are 
boulder trains, as found on debris flows in Secs. 21 and 22, T. 56 N., 
R. 93 W. 
Sediments derived from debris flows containing a higher proportion of 
water are better sorted. Two types of fluvial sediments are distinguish­
able in the Boat Ramp Fan in Sec. 4» T. 56 N., R. 94 W. (Fig. 10): 
(1) those from shallow flows which continuously filled small braided 
channels that changed position frequently-these deposits are generally 
well-sorted with local cross-bedding and lamination; and (2) water-lain 
sediments in major channels which are coarser and more poorly sorted. 
Fluvial deposits in this outcrop have no clearly discernible margins. 
Many of the more recent mass movement deposits in the eastern part 
of the research area are difficult to fully analyze due to a lack of 
cross-sectional exposures. The best fan outcrops are in the region's 
western reaches, but here the alluvial fans are entirely fluvial in origin. 
Fan entrenchment 
Hypotheses related to floods Denny (1967) maintained that en­
trenchment is "the normal consequence of large variations in flood dis­
charge." This implies that modification of fans during the most 
frequently recurring floods consists of aggradation, but the infrequent, 
high magnitude event with greater competence causes entrenchment. Beaty 
(1970) also indicated that incision is a recent phenomenon associated with 
exceptional events. He noted that entrenchment may occur during the later 
stages of a flood, when peak flows continuing after initial debris flow 
deposition dissect the older deposits (Beaty, 1963). 
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Hooke (1967) believed that the feeder channel is often incised into 
the fan-head area because in this zone water is able to transport the 
material deposited by earlier debris flows over a lower slope. He recog­
nized, however, that some fan-head entrenchment is too deep to have been 
produced by this process alone. 
No floods such as those described here have ever been noted by the 
author in the Five Springs area. Entrenchment by channels of 1-2 m on 
Qfl surfaces near the Bighorn Mountains is obviously a flow-related phe­
nomenon, suggesting that either; (1) high magnitude floods have occurred 
recently at times other than during the field season; (2) incision of Qfl 
surfaces is related to fluvial processes other than peak flow; or (3) Qfl 
incision is not a contemporary event. The size and freshness of alluvial 
material in Qfl channels tend to disprove (2) and (3) above, suggesting 
that periodic flood discharge is of consequence in initiating entrenchment. 
Hypotheses related to tectonic activity Denny (1967) described 
how faulting parallel to a mountain mass may lower the valley floor with 
respect to the mountains, cause drainage incision upslope of the fault 
scarp, and move the point of deposition to the new scarp foot. Intermit­
tent uplift would result in repetition of the above and cause segmentation 
of fans. Hooke (1967) observed such segmentation of fans in eastern 
California. He likewise recorded that fans on the west side of southern 
Death Valley had been deeply incised as a result of eastward tilting of 
the valley. 
Faulting and tilting of the Five Springs area during the Quaternary 
has never been documented. While fans in the area are incised and 
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segmented, other geomorphic features indicative of recent faulting, such as 
undissected scarps, lineaments, etc., are lacking. Significant tectonism 
has occurred in northwestern Wyoming during this time, however, associated 
with volcanic events around Yellowstone National Park. Landslides in the 
eastern Portion of the Bighorn Basin, such as those in Shell Canyon, 
demonstrate the effects of this activity on the region. 
Hypotheses related to climatic changes An alternative explanation 
for fan incision is that it results from a long-term change in discharge 
conditions which, in turn, is a consequence of a climatic change. This is 
the most plausible cause of fan entrenchment in the Five Springs region. 
It is possible to conceive of a variety of climatic changes which could 
lead to the change from deposition to erosion: increasing storm frequency, 
increasing storm intensity, increasing total précipitation, and decline of 
total precipitation with increased storm intensity, are but a few. 
That climatic change has occurred during fan formation in the research 
area is beyond dispute. There are several features associated with the 
various fans and benches which indicate this. First, great amounts of 
movement of the sites of deposition are apparent on many fans, especially 
the larger ones. Fan sequences Qf2, Qf3, and Qf8, in particular, demon­
strate the transgressive nature of depositional loci during wetter climates 
as the fans progress westward toward the Bighorn River. 
A second set of features indicative of climatic change are of fluvial 
origin. Included are: (1) paired terraces in the valleys of local creeks 
that are continuous with former fan surfaces, and (2) underfit channels 
near fan apices, which are especially common near the Bighorn Mountains. 
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Lustig (1965) outlined a climatic cycle for fan development. In a 
fan-building period aggradation occurs, which is associated with heavier 
precipitation than at present and higher water-to-sediment ratios; a 
glacial or wet-interglacial climate could produce all of these. In the 
following fan-cutting period, precipitation is more localized and less 
frequent, water-to-sediment ratios are low, and the former aggradation 
surface is dissected. Drier interglacial conditions would be conducive 
to this activity. 
Estimated ages of alluvial fans 
With the exception of alluvial fans currently forming at the mouths 
of canyons along the front of the Bighorn Mountains (Qfl), the debris flow 
and braided stream assemblages discussed thus far are relicts. As excava­
tion of the Bighorn Basin progressed, the drop in the level of the Bighorn 
River initiated first the formation of benches (Qf5-Qf8 sequences), and 
more recently the entrenchment of modem channels into Qf2-Qf4 surfaces. 
Some fans, such as the Boat Ramp, Drill Hole, and Willow, may have formed 
rapidly enough to push the Bighorn River to the west. 
Fan sequences Qf8, Qf3, and Qf2 may be relatively dated by their 
relationships with Bighorn River terraces and volcanic ashes. A QfS 
sequence lies directly atop the 600,000 year old North Kane Ash in Sec. 3, 
T. 56 N., R. 94 W. (Figs. 7 and 8), so an age of less than 600,000 years 
B.P. may be assumed. Qf3 and Qf2 sequences along the Bighorn River overlie 
the Red Flat Terrace, which is dated at approximately 100,000 years by its 
relationship with terraces along Shell Creek and a Yellowstone ash, known 
as the Field Camp Ash, along the same creek (Steen-Mclntyre, 1979, personal 
communication, in Palmquist, 1983). The fans, then, are just younger than 
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the terrace, and since Qf2 between US 14A and the boat ramp is inset into 
Qf3, it must be more recent. Qf2 sequences include the Willow, Drill Hole, 
and Boat Ramp fans. Records suggest that a late-glacial climate existed 
during the deposition of Qf8, whereas QfS and Qf2 formed while a wetter-
than-normal interglacial climate prevailed (Shackleton and Opdyke, 1973; 
Hays et al.» 1976). 
The remaining fans are more difficult to date for several reasons. 
Using the Constant Incision Rate Model of Palmquist (1983), which is based 
on a Pleistocene mean entrenchment value for the Bighorn River of 
0.158 m/1000 years, the estimated age of the Water Rank Terrace is 400,000 
years and surrounding fans may then be dated relative to this. If Lustig's 
(1965) climatic-cycle model for fan development is applied to the afore­
mentioned fans of known ages, all should have formed during wetter inter­
vals, with subsequent entrenchment during drier periods. By combining 
the Constant Incision Rate Model and isotope climatic data (Shackleton and 
Opdyke, 1973; Hays et al., 1976), the following ages (in years B.P.) of 
fan sequences between QfS and Qf3 are estimated: Q£7. 505.000-540.000; 
Qf6, 430,000-460,000; Qf5, 245,000-275,000; and Qf4, 135,000-190,000. The 
remaining fans (Qfl) forming along the front of the Bighorn Mountains date 
from Pinedale to present. These estimates are in close accordance with 
values determined by Reheis (1984) who dated fans ranging in age from 
600,000 years old to present in the Cottonwood Creek region using soil 
development as a criterion. 
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Terraces 
Introduction 
Terraces, both paired and unpaired, are important topographic elements 
in the Bighorn Basin. The presence of a terrace indicates an interval of 
infilling and downcutting or lateral planation and downcutting. Usually 
the downcutting phase begins as a response to climatic, tectonic, or base 
level changes, the former and latter being the causes of Pleistocene 
terraces in the Five Springs region. 
Terrace remnants are located at heights up to 90 m above the modern 
Bighorn River (Fig. 5). Three sequences have been mapped along the river, 
based upon the presence of flat, elongate tread surfaces which are under­
lain by a gravel thickness of at least 3 m. Parameters such as lithology, 
degree of clast weathering, soil development, amount of dissection, and 
height above the Bighorn River were used for correlation purposes. 
The lowest exposed Bighorn River terrace is the Red Flat, which occurs 
24 m above the river. The Water Tank Terrace lies at 60 m, and above it is 
found the Cottonwood level at 90 m. All of these terraces are aligned in 
basically a north-south direction with treads sloping gently to the west. 
Terraces also parallel Cottonwood and Five Springs creeks, with four 
and seven distinct levels found along each, respectively. These are 
designated Qtl to Qt7 on Fig. 5 in order of increasing age and height above 
the creeks. Because of the out-of-phase relationships between the Bighorn 
River and local streams, exact correlation of most of these creek terraces 
with the Bighorn River levels is impossible. Pebble count data on all 
terrace deposits appears in the Appendix. 
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Bighorn River terraces 
The three terrace levels on the east side of the Bighorn River in the 
study area may be correlated with similar surfaces along the Shoshone 
River to the west. Volcanic rocks of intermediate composition are commonly 
found in the Bighorn terrace gravels, allowing easy differentiation from 
local creek materials, which contain none. Bighorn gravels are also com­
posed of limestone, chert, sandstone, granite, quartzite, and gneiss. 
Source areas of the Bighorn gravels are inferred from the various lithol-
ogies present to be the Bighorn, Absaroka, and Wind River ranges. All 
terraces are capped by 3-4 m of alluvial fill consisting of well-rounded 
clasts of gravel to boulder size resting upon an eroded bedrock surface. 
Red Flat Terrace The Red Flat Terrace (Qrf on Fig. 5) contains the 
freshest of all Bighorn River terrace clasts. Alluvium forming the tread 
of this terrace is up to 4 m thick and consists of well-rounded predomi­
nantly igneous and metamorphic gravels set in a gray to tan sandy matrix. 
Average clast diameter is 5 cm, although some with long dimensions up to 
17 cm may be found. 
The Red Flat level may be traced upstream along the Bighorn River to 
the mouth of Shell Creek, which is located south of the study area. An 
equivalent tread along the creek extends eastward toward Shell Canyon in 
the Bighorn Mountains. At the Iowa Staté University Geology Field Station 
near the mouth of the canyon, the Field Camp Ash, dated at ca. 100,000 
years B.P. (Steen-Mclntyre, 1979, personal communication, in Palmquist, 
1983), is found interbedded with colluvium overlying the terrace fill. 
The same age may be inferred for the Red Flat alluvium, although no ash has 
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been found in the study area. The Red Flat Terrace correlates with the 
Powell surface (Palmquist, 1983) which parallels the Shoshone River in its 
lower valley to its mouth opposite the research area. 
Imbrication and sand body orientation indicate that the Bighorn River 
was braided, but slightly sinuous and flowing to the north 100,000 years 
ago. If tectonic stability is assumed, the river's gradient was approxi­
mately 0.91 m/km, which is similar to the present value of 0.93 m/km. The 
channel was located up to 0.9 km east of the present floodplain. 
Water Tank Terrace Locally, about 10 m above the highest gravel 
sheet of the Red Flat Terrace are remnants of the Water Tank Terrace (Qwt, 
Fig. 5). Slightly weathered, rounded clasts lying on bedrock define this 
surface, which has been eroded extensively in the northern portion of the 
study area. Its morphology is further obscured by overlying fan sequences 
Qf2-Qf3 and by locally derived alluvium and colluvium. 
The Water Tank surface is most pronounced east of Crystal Creek road 
in Sec. 34, T. 56 N., R. 94 W., and in Sees. 3 and 10, T. 55 N., R. 94 W. 
Compositionally; crystalline rocks predominate, lying in a gray-tan sandy 
matrix. Greatest clast diameter is 10 cm, while the average diameter of 
most clasts is 2-3 cm (Fig. 14). 
Indications based on clast and sand-body orientation are that the 
Bighorn River was braided when it deposited the Water Tank gravels, flowing 
north over a steeper gradient than its present one. Water Tank deposits 
are found up to 2.5 km east of the present Bighorn channel. Most are 
approximately 3 m in thickness, with a slight thickening and coarsening of 
the gravels to the south, as expected for a north-flowing river. 
Fig. 14. Cross-section of the Water Tank Terrace gravels. Sec. 34, 
T. 56 N., R 94 W. 
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As previously mentioned, the Water Tank Terrace is estimated by Palm-
quist (1983) to be approximately 400,000 years old. Climatic curves indi­
cate that a warm, relatively stable climate prevailed during this time 
(Emiliani, 1955; Ericson et al., 1964; Shackleton and Opdyke, 1973; Hays 
et al., 1976; Ruddiman and Hclntyre, 1976; Shackleton, 1977), which would 
be conducive to deposition of the tread sediments. Cutting followed well 
prior to Red Flat time. 
Cottonwood Terrace The Cottonwood Terrace, lying 90 m above the 
Bighorn River, is the oldest and highest Bighorn surface in the Five 
Springs area (Qcw, Fig. 5). Local creeks flowing west from the Bighorn 
Mountains have dissected this terrace into isolated segments located 
between 2.0 km and 2.3 km east of the present Bighorn River. 
The Cottonwood Terrace contains weathered, well-rounded gravels. 
Approximately 75% are volcanic, indicative of their origin in mountains 
to the west.- Mean diameter of the clasts is 7 cm, and maximum diameter is 
20 cm. Pronounced weathering rinds are common. 
The 600,000 year B.P. North Ash rests upon the Cottonwood Terrace in 
Sees. 3 and 10, T. 56 N., R. 94 W. (Figs. 7, 8). The contact between the 
two is gradational, with ash-rich deposits forming the matrix between 
clasts in the upper portion of the terrace section. Evidently, the Bighorn 
River was choked with ash during the early phase of the Yellowstone erup­
tion. Later phases, however, deposited a thick ignimbrite sheet atop the 
terrace gravels. Isotopic dates indicate the end of a cold stage 600,000 
years ago when the ash and gravels were deposited (Shackleton and Opdyke, 
1973; Hays et al., 1976; Ruddiman and Mclntyre, 1976; Shackleton, 1977). 
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Local creek terraces 
Cottonwood Creek terraces Four small, locally paired terrace 
remnants exist along the lower and mid-sections of Cottonwood Creek 
(Qtl-Qt4, Fig. 5). These surfaces are composed of predominantly carbonate 
clasts, with minor amounts of chert, sandstone, and miscellaneous detritus; 
most debris originated in the Bighorn Mountains. The maximum clast diam­
eter is 0.3 m, and the terrace treads show weathering profiles to a depth 
of 0.3 m. Terrace surfaces are discontinuous and are separated from one 
another by low, subtle scarps. 
In the lower reaches of Cottonwood Creek in Sees. 3 and 4, T. 56 N., 
R. 94 W., the terrace sequence is inset into Qf2, indicating that terraces 
1-4 are all less than 100,000 years old. They are assumed to have formed 
as a result of episodic downcutting by Cottonwood Creek in response to 
periods of Bighorn River entrenchment. Much of the fill on the treads of 
these terraces is reworked debris from Qf2. 
Only terraces 3 and 4 are present in the mid-portion of Cottonwood 
Creek in Sees. 1 and 2, T. 56 N., R. 94 W., and in Sec. 6, T. 56 N., 
R. 93 W. Here, these surfaces are surrounded by mantled bedrock and 
exposed Jurassic strata. 
Five Springs Creek terraces Seven terrace levels exist along Five 
Springs Creek (Qtl-Qt7, Fig. 5). They occur as discontinuous remnants 
extending from the mouth of the creek upstream to within 2.7 km of the 
Bighorn Mountains. 
The fill on the treads of Five Springs Creek terraces is up to 3 m 
thick. Clasts typically range in diameter from 0.1 m to 0.7 m, although 
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some larger are found locally; all originated in the Bighorn Mountains. 
Lithologically most are carbonates, with lesser amounts of chert, granite, 
and various other rock types (see Appendix). All occur in a gray-to-tan 
matrix of gravel, sand, and silt. Sand lenses up to 2 m in thickness also 
occur. 
Terraces are located along two distinct segments of Five Springs 
Creek. In the Kane Quadrangle, terraces 1-4 parallel the modem floodplain 
from its confluence with the Bighorn River upstream for 3 km. Terraces 1 
and 2 are paired, whereas 3 and 4 are found only on the north side of the 
creek. The lowest terrace, Qtl, grades into and lies at the same level as 
the Red Flat Terrace, and is thus assumed to be the same age. Above these, 
Qt2 is correlated with the Water Tank Terrace in both topographic position 
and time of formation. Terraces 3 and 4 are difficult to date exactly, but 
since they lie in elevation between the Water Tank Terrace and Qf8, they 
are assumed to have formed between 400,000 and 600,000 years B.P. 
Three higher terraces are located in the Cottonwood Canyon Quadrangle 
north of US 14A. All formed after the deposition of the North Kane Ash 
but prior to the first capture of Five Springs Creek when the stream flowed 
west-northwest over a course somewhat parallel to that of modern Willow 
Creek. This is indicated by the extension of the treads of Qt5, Qt6, and 
Qt7 down thé margins of the Five Springs paleovalley in Sees, 31 and 32, 
T. 56 N., R. 93 W. The scarps between the uppermost Five Springs Creek 
terraces are low and subtle, and the time interval between the formation 
of each was apparently of short duration. 
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Origin and classification of terraces 
There are both erosional and depositional terraces (Howard et al., 
1968). Erosional terraces exist when the tread has been formed mainly by 
lateral planation. Depositional terraces, in contrast, are formed when 
the tread represents the uneroded surface of an alluvial fill. 
After studying what he considered were purely erosional terraces in 
the Bighorn Basin, Mackin (1937) concluded; 
1. Erosional terraces are scoured by the river which then 
may deposit a layer of alluvium of constant thickness 
atop the beveled surface. 
2. The bedrock surface and the overlying alluvial tread 
surface are basically parallel. 
In contrast, the thickness of the alluvium beneath the tread of deposition­
al terraces is variable, and the surface beneath the alluvium may be 
irregular, even though the alluvial tread surface is flat. 
Based on his conclusion that Bighorn Basin terraces are erosional, 
Mackin (1937) divided the Cenozoic history of the Bighorn Basin into two 
phases: (1) Tertiary basin filling followed by (2) uplift and basin 
erosion which is still continuing. The terrace levels in the basin stand 
at elevations from 3 m to 360 m above the present channels. Mackin 
interpreted each level as a rock-cut bench formed by lateral erosion upon 
the cessation of downcutting. 
Downcutting has been attributed to numerous factors. Mackin (1937) 
believed that all the erosional terraces in the Bighorn Basin are the 
result of a combination of tectonic warping, reduction in stream gradients, 
and glacial episodes. Moss and Bonini (1961) and Moss (1974) contended 
that downcutting followed aggradation. Their model relied on an extended 
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period of valley filling during which time the amount of sediment delivered 
to the region exceeded the amount that the Bighorn River and its tributaries 
could remove; prolonged aggradation such as this may be attributed to 
glacial outwash deposition or climatic change, the latter producing a 
variety of sediment concentrations and yields which are dependent upon the 
local conditions prevailing prior to the change (Schumm, 1965). To complete 
terrace formation, a climate-generated interval of downcutting followed 
each period of aggradation. Hitter (1967) supported the ideas of Moss and 
Bonini, but added that valley filling could result from stream capture as 
well as glaciation. 
Merrill (1973) and Moss (1974) suggested that processes of aggrada­
tion upstream and degradation downstream could possibly have produced 
some of the Bighorn Basin terraces; an idea which is further substantiated 
in the study area by terraces along Five Springs and Cottonwood Creeks. 
Furthermore, while cutting and filling are the primary responses of the 
Bighorn River and local creeks to climatic events, tributaries such as 
Cottonwood, Willow, and Five Springs creeks have not always been in phase 
with events occurring in the master channel of the Bighorn River. Evidence 
suggests that tributaries may be cutting locally while the master stream 
is aggrading, and vice versa. 
Ritter (1967) postulated stream capture as another mode of terrace 
formation. Small streams that rise in the Bighorn Basin, such as Willow 
Creek, have generally lower gradients that do larger creeks that head in 
the Bighorn Mountains, like Cottonwood and Five Springs. Local creeks 
originating in the basin erode through weak siltstones and shales, as found 
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in the Morrison, Cloverly. Thermopolis, and Shell Creek formations. Their 
gradients are thus adjusted to the fine-grained sediment released from 
these rocks. Streams beginning in the mountains, however, must transport 
coarse bedload derived from resistant rocks, including granite, gneiss, 
dolomite, limestone, and sandstone. In order to do this efficiently, a 
steeper channel gradient is required. Thus, Five Springs and Cottonwood 
creeks stand at a higher elevation that other creeks originating in the 
Bighorn Basin at an equal distance from their confluence with the Bighorn 
River. Such a situation leads to repeated stream captures. In this way, 
creeks originating in the Bighorn Mountains may be diverted into lower 
stream valleys and will remain there until the process operates again. As 
previously discussed. Five Springs Creek today flows southwestward into the 
Bighorn River after its waters were last captured from its former path 
through the present Willow Creek by headwardly eroding creeks located to 
the south. Incipient capture is also likely to occur near the Bighorn 
Mountains as creeks in Rainbow Canyon continue to erode headwardly toward 
Five Springs Creek just south of US 14A. 
After piracy, the capturing stream is unable to transport the abun­
dant coarse sediment introduced into its lower-gradient valley. Hence, the 
valley fills until the gradient increases to a slope capable of transport­
ing the coarse load under thé prevailing discharge. Subsequent downcutting 
along the valley side produces a depositional terrace and ultimately a 
bench. Terrace treads 5-7 along Five Springs Creek and the four highest 
levels of inverted alluvial fans (Qf5-Qf8) all attest to this process. 
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Pediments 
Pediments are erosional surfaces of low slope, partially veneered 
with alluvium, that are inclined away from the base of mountains or 
escarpments in arid and semiarid environments (Howard, 1942; Hadley, 1967). 
Several pediments along the northern and eastern borders of the study 
area slope away from the Bighorn Mountains and local bedrock escarpments 
toward the Bighorn River. These surfaces occur at two levels and are 
denoted Qpl (lowest and youngest) and Qp2 on Fig. 5. They represent 
regions where erosion has dominated over deposition to the extent that 
bedrock is exposed beneath a thin veneer of poorly sorted alluvial, collu-
vial, and eluvial detritus. Carbonates derived from the Bighorn Mountains 
compose most of the debris, although Mesozoic clastics of more local 
origin litter the surface of Qpl in Sec. 35, T. 57 N., R. 94 W. (also see 
Appendix). Areas where thick surficial material obscures the underlying 
eroded bedrock are mapped as alluvial fans, terraces, dunes, and the like, 
rather than as pediments. 
The pediments along the foot of the Bighorn Mountains slope as much as 
2° westward; slopes of less than 1° are found on pediments closer to the 
Bighorn River. All are dissected by incised stream channels that are 
commonly filled with alluvium 1-2 m thick. 
A formative model for pediments in the Five Springs area is based on 
the existence of equilibrium between the debris contributed to the piedmont 
region and its transport to the Bighorn River, which is the local base 
level. At any given time, a boundary exists between zones that are essen­
tially depositional and those that are chiefly erosional. The relative 
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position of this boundary and the presence or absence of sediments are due 
to the quantity of sediment shed from the Bighorn Mountains relative to the 
effectiveness of fluvial and mass movement processes at transporting the 
debris westward across the study area. If sediment supply exceeds trans­
portation, alluvial fans rather than pediments will result, and the 
erOSional-depositional boundary will be close to the Bighorn Mountains. 
If this situation is reversed, however, the boundary shifts to the west 
and pediments develop. The boundary can change its position in response 
to climatic fluctations, stream piracies, or tectonic events. 
Climatic changes and stream captures have been largely responsible 
for altering the ero s ional-depo sit ional boundary in the Five Springs area. 
Pediments likely formed during the stable interglacial intervals of the 
Pleistocene at times when a temporary base level occurred along the Bighorn 
River; they were subsequently buried beneath alluvium, and in most 
instances were later either distroyed or topographically inverted into 
benches by local stream entrenchment. Present pediments may ultimately be 
buried by alluvium in response to future climatic changes or after piracy 
diverts Bighorn Mountain streams onto their surfaces. 
Landslides 
Landslide debris is commonly encountered at the foot of the Bighorn 
Mountains. It is even more abundant just east of the study area in 
canyons such as Cottonwood and Five Springs; in the latter canyon old 
US Highway 14A was built almost entirely on landslide deposits. Landslides 
are also encountered in shales forming cliffs along the eastern side of 
90 
the Bighorn River and Bighorn Lake. A description of the constituent 
boulders in several area landslides is presented in the Appendix. 
Causes of landslides 
Landslides have occurred throughout the Quaternary, since numerous 
factors, acting together or alone, have caused them. These parameters, 
which either contribute to increased shear stress or reduced shear strength 
in materials and which apply to the Five Springs area, include (Terzaghi 
and Peck, 1967): 
1. Ground vibrations: due to volcanic-seismic events, 
which are especially common in the Yellowstone 
National Park area to the west. 
2. Undercutting of slopes by water: a slope is 
oversteepened above the characteristic stable slope 
angle for the material composing it; vertical support 
is likewise lost, further contributing to the 
potential for failure. This typically occurs as a 
result of stream piracy, channel bank erosion, or wave 
erosion (as along Bighorn Lake). 
3. Internal increase in weight of slope material as by 
water saturation associated with heavy rains or former 
wetter climates. • 
4. Lateral pressure in cracks; results from water 
freezing in these zones. This is associated with 
today's climate, but was even more pronounced during 
the cooler-wetter climatic intervals of the 
Pleistocene. 
5. Clay properties (including shrink-swell): especially 
important in bentonitic units, which include many of 
the Cretaceous shales. 
6. Overall rock structure: faults, joints, bedding 
planes, and other structures that weaken rocks. 
Massive granite is associated with far fewer land­
slides than are sedimentary rocks, which accounts 
for the larger quantity of boulders and gravels of 
sedimentary origin (mainly carbonates) in valleys in 
the study area. 
7. Pore pressure effects: mainly associated with 
variances in groundwater. 
8. Deterioration of intergranular cement (reduction of 
cohesive strength): due to chemical weathering 
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processes; especially marked in carbonates and 
sandstones. Chemical weathering phenomena are 
profoundly affected by climatic factors such as 
temperature, precipitation, and humidity, along 
with changes in these factors. 
Types and morphology of landslides 
Landslides in the Five Springs region involve three different kinds 
of movement. Falls imply a free-fall of rock and surficial debris under 
the influence of gravity. The movement is extremely repid and can only be 
generated at a near-vertical slope, such as along the walls of canyons in 
the Bighorn Mountains, at exceptionally steep portions of the front of the 
mountains, and on the west-facing bluffs along the Bighorn River and Big­
horn Lake. Slides (including slumps) involve shear failure between two or 
more surfaces. The mass of rock or debris above the slide (or slump) 
surface moves as a block. Flows lack a sharply defined failure surface. 
The displaced mass is continually deformed as the debris moves downslope 
as a viscous substance (Terzaghi and Peck, 1967). 
Rockfalls, rockslides, slumps, and debris flows are mapped on Fig. 5 
as Qrl, Qrs, Qsl, and Qdf, respectively. The letter "a" for "ancient" or 
"r" for "recent" follows each of these symbols. Ancient landslides are 
those that occurred prior to the very end of the Pleistocene, as determined 
by substantial surface dissection, pronounced weathering of clasts, visible 
soil development, and stratigraphie and topographic position. Fresher 
surfaces, minor clast weathering, minimal soil, development, and strati-
graphic and topographic relationships were the criteria used to categorize 
mass movements as recent, implying that they took place in the latest 
Pleistocene or Holocene. 
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Rockfalls Rockfalls are the simplest type of mass movement. They 
are generated on bluffs along the Bighorn River and Bighorn Lake, the front 
of the Bighorn Mountains, and in canyons, such as Five Springs and Cotton­
wood (Fig. 15). Rockfalls occur where rock discontinuities such as joints 
and bedding planes are relatively closely spaced, as is the case in some of 
the Paleozoic and Mesozoic strata. Weathering contributes to the breaking 
of the rock along these discontinuities. Terzaghi (1962) analyzed the 
stresses on an Idealized vertical face of unjointed rock and showed that 
stable vertical cliffs could be maintained to heights of 1500 m. Various 
rock discontinuities prohibit cliffs from attaining this height in the 
study area. The relationship of rock structure to potential shear stresses 
introduced by gravity is critical (Terzaghi, 1962). The massive Paleozoic 
sandstones and carbonates along the front of the Bighorn Mountains dip at 
such a high angle that bedding surfaces and joints parallel cliff faces. 
Rockfalls occur when the combination of discontinuity attitudes and rock 
densities so reduces overall strength that the material can no longer with­
stand the gravitational stress components directed along the discontinuity 
shear surfaces. 
Incidences of rockfall are apparently influenced by water occupying 
the rock discontinuities in the Bighorn Mountains. Terzaghi (1962) argued 
that porewater pressure in rock contributes to reduced strength. Pres­
ently, rockfalls in the Bighorns occur primarily in April and May due to 
snowmelt. Increases in the Incidence of rockfalls are further noted to 
have occurred in this portion of Wyoming during the wetter climatic inter­
vals of the Pleistocene. 
Fig. 15. Recent rockfall debris (Mowry Shale) resting upon Qal in the 
Bighorn River floodplain, Sec. 34, T. 56 N., R. 94 W. 
Fig. 16. Evaporites forming a white crust on a clay dune surface in Sec. 
30, T. 56 N., R. 93 W. 
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The geomorphic features typically expressed by rockfall deposits in 
the study area are as follows: 
1. Hummocky surface. 
2. Low relief from head to toe. 
3. Arcuate ridges and furrows where confined. 
4. Lobate shape where unconfined. 
5. Through between the head of the deposit and the scar. 
6. Local pressure ridges where flow is impeded by a 
barrier• 
The specific morphology of each rockfall, however, is a function of such 
parameters as volume of material moved, slope, height of fall, size of 
rock fragments, and the topography upon which the rockfall comes to rest. 
Rockfall material is very porous because it consists principally of 
highly angular, coarse fragments with little matrix (see Appendix). 
Boulders as large as 8mx3mx2m are found 1 km from their source in 
the Bighorn Mountains in Sec. 21, T. 56 N., R. 93 W. (Fig. 5); they become 
larger and more numerous toward the mountains. The largest rockfall 
boulders however, are found on the surface of Qf8 in Sec. 34. T. 56 N., 
R. 93 W., 0.5 km south of US 14A. The carbonates have a maximum size of 
5mx5mx5m and their distribution is not commensurate with stream 
deposition. They are relatively dated as less than 600,000 years B.P., 
and rest 2.5 km from the Bighorn Mountains. 
That such large rockfall boulders exist several kilometers from the 
mountain front is not particularly uncommon. Shaser (1978), working south 
of the Five Springs area, documented the existence of carbonate erratics 
15mx6mx5m along Beaver Creek and 16 m x 7 m x 6 m near Salt Creek; 
in the latter case the boulders were found 4 km from the Bighorn Mountains. 
He concluded that the distribution of these erratics signifies a rockfall 
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avalanche or "struzstrom". Hsu (1975) noted that the speed of a sturzstrom 
often exceeds 100 km/hr, and calculated a speed of up to 400 km/hr for such 
an event in Switzerland. 
Due to the abundance of boulders, most recent rockfall debris is 
unvegetated, and only sparse vegetation is present on ancient rockfalls as 
a result of weathering slowly producing smaller particles. 
Rockslides and slumps Slides are of two general types. Rotational 
slides have a curved surface of rupture and produce slumps by their back­
ward rotational movement. Translational slides have a relatively flat, 
planar surface of movement along one or several surfaces (Varnes, 1958). 
Slumps are found principally in shales in the Five Springs area. They 
are common on slopes along the Bighorn River and Bighorn Lake where the 
Shell Creek and Mowry shales outcrop. The largest individual slump is 
located on the north side of US 14A in the Thermopolis Shale in Sec. 35, 
T. 56 N., R. 93 W. (Fig. 5). Smaller slumps may be found locally on the 
sides of benches where shales are present. All of these movements are 
characterized by hummocky surfaces and exposed scars above the individual 
slump blocks. 
In rockslides, the mass moves relatively rapidly. Movements of this 
type are typical along the front of the Bighorn Mountains, where steeply 
dipping beds and joints are found. The moving mass generally breaks into 
smaller parts as it moves toward the foot of the mountains. When this 
progressive failure becomes more rapid and the whole mass breaks up to 
tumble or flow downward, it may be referred to as a rock (or debris) 
avalanche (Varnes, 1958). Momentum is generally sufficient to carry the 
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material well beyond the foot of the Bighorn Mountains. Boulders deposited 
in this way extend for more than 1 km westward all along the mountain 
front from Cottonwood Canyon to the southeastern border of the study area. 
Although the surface morphology of rockslides is similar to that of rock-
falls, vegetation is generally more abundant on the former due to the 
higher percentage of fine particles in slide deposits. 
Debris flows The distinction between rock slides and debris flows 
is difficult to make. Commonly the saturation of soil on a slope by a 
torrential or prolonged rain will initiate failure as a debris slide. As 
motion increases, however, the water-soaked mass will begin to flow like a 
high-density liquid. Flows thus constitute a variety of landslide types. 
Materials range from huge blocks of rock to clay, water content varies, 
and velocities range from just above creep velocity to hundreds of meters 
per second. 
The canyons and front of the Bighorn Mountains are logical areas 
today for the formation of debris flows, with steep slopes covered with a 
mantle of talus and other weathered debris. The sparse vegetation further 
increases the ability of precipitation to mobilize this debris as a slurry 
of granular solids, mud, and entrained water. These canyons were, however, 
even more perfect locations during the cooler, wetter intervals of the 
Pleistocene when weathering was more intense. 
Debris flow material is particularly marked adjacent to the confines 
of numerous canyons along the western side of the Bighorn Mountains. At 
the mouth of Cottonwood Canyon in Sees. 4, 5, and 6, local pressure ridges 
are found where flow is impeded by a barrier. Debris flows interfinger 
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with alluvial fan deposits; some boulders have been transported 3 km or 
more (Figs. 5, 12, 13). Near the old University of Wisconsin at Eau 
Claire field station in Sec. 5, T. 56 N., R. 93 W., maximum debris flow 
boulder dimensions are 3mx3mx3m; these boulders should weight 
approximately 1.5 tonnes (Chawner, 1935) and have been transported more 
than 1 km. They rest in a matrix of sand and silt. Shaser (1978) 
recognized similar random boulders ranging upto5mx4mxlm along 
Beaver Creek, which he likewise attributed to debris flows. 
In the Five Springs area, "recent" debris flows have flat tops, steep 
sides, and a lobate form; multiple lobes frequently overlap one another. 
These deposits form an abrupt contact with underlying materials. They are 
limited in area and poorly developed, indicative of the overall tectonic 
stability and only moderate climatic fluctuations associated with the past 
few tens of thousands of years in this portion of Wyoming. 
The eroded remains of older Pleistocene debris flows, which are 
commonly found in the proximal portion of alluvial fans, are more abundant 
and extensive than the recent flows. With surface morphology destroyed and 
the matrix largely removed, their existence is marked by numerous boulders 
lying up to several kilometers from their source areas. 
Landslides and time 
Slope instability of increased frequency and magnitude appears to be 
correlated with catastrophic events of the Pleistocene. Based upon topo­
graphic and stratigraphie relationships, most large climatically-induced 
mass movements have occurred during intervals of intense climatic change 
from interglacial to glacial, and during glacial maxima. As previously 
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mentioned, mass movements extending several kilometers from the Bighorn 
Mountains have not occurred during the Pinedale or Holocene, implying that 
more intense climates and climatic changes triggered the massive landslides 
of the earlier Pleistocene. This will be demonstrated more fully in the 
"Quaternary Chronology" section below. A similar conclusion regarding the 
relation of landslide events in northwestern Wyoming to increased precipi­
tation associated with Pleistocene glaciations was drawn by Pierce (1968) 
from work done in the Carter Mountain landslide area. 
Volcanic-seismic events are also known to elicit slope failures. 
Pyroclastic material is not associated with landslides in either the Five 
Springs or Beaver Creek areas (Shaser, 1978, personal communication. Dept. 
of Earth Sciences, Iowa State Univ.), indicating that climatic events, 
rather than volcanic events, are likely responsible for most of the mass 
movements. However, along Shell Greek near the mouth of Shell Canyon, two 
ash deposits are interbedded with terrace gravels and thick colluvium. 
Bible (1978) referred to the older ash as the Wagon Wheel, vrtiich is corre­
lated with the North Kane deposit. The younger Field Camp Ash was erupted 
from the Yellowstone Park area 100,000 years ago (Steen-Mclntyre, 1979, 
personal communication, in Palmquist, 1983). Thus some large mass move­
ments in that area appear to be correlated with volcanism and seismicity. 
Eolian Deposits 
In the central portion of the Cottonwood Canyon Quadrangle, just 
north of US 14A, silt- and clay-sized particles have accumulated in small 
dunes (Qd, Fig. 5). Bowler (1973) described such deposits as "clay dunes". 
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He noted that these features usually develop (1) near coastal lagoons, 
such as Laguna Madre, Texas, (2) along Inland evaporation salt flats, as 
in Algeria, or (3) on the margin of Pleistocene lake basins, as described 
in Australia. In all cases, however, 15-20 percent clay is usually suffi­
cient to produce structural and morphologic features unique from those 
associated with well-sorted quartz dunes. In fact, clay dunes differ from 
sand dunes in three important respects: (1) slopes rarely exceed 15°; 
(2) the steepest slopes are on the stoss rather than the leeward side; and 
(3) height is no more than several meters. 
Clay dunes in the study area display the distinguishing character­
istics described above: maximum slopes of 11°, gentle lee but steep stoss 
surfaces, and a maximum height of 2.3 m. In map view, they form ridges 
transverse to the dominant wind direction; ridge crests strike northwest, 
thus prevailing winds blew from the southwest at the time of deposition. 
Factors in clay dune formation 
Four primary factors are involved in the formation of all clay dunes: 
saline environments, water, rapid desiccation, and deflation (Bowler, 
1973). The importance of each is discussed below. 
Saline environments Salts are essential in clay dune formation 
for two reasons: (1) high salinities inhibit the formation of a continuous 
cover of vegetation, thus promoting deflation of surficial materials; and 
(2) the efflorescence of salts in the exposed clays, particularly gypsum, 
produces sand-sized clay pellets. 
Water Water is necessary to act as a medium to distribute and con­
centrate the supply of salts. Seasonal flooding is especially important. 
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Desiccation and deflation Studies of modern clay dunes indicate 
that they form in areas with seasonally high evaporation rates. In Texas 
and Algeria, for example, mean temperatures of the hottest months are 
28.7"C and 28.5°C respectively. Formation of clay dunes is favored by 
seasonally high temperatures for three reasons; 
1. High evaporation rates are necessary to maintain a 
low water table, exposing a broad area of barren mud 
flats. 
2. High temperatures dry the exposed muds, causing the 
efflorscence of salts necessary for the formation of 
clay pellets. 
3. The process of evaporation and drying must be rapid. 
It must take place early in the dry season to allow 
the wind to deflate the clays before the onset of the 
next humid season when hygroscopic adsorption will 
stablize the clay pellets. 
With a present mean temperature for the summer months in the Bighorn 
Basin of 22®C, conditions do not favor clay dune formation today. Because 
formation requirements favor seasonally higher temperatures and evaporation 
rates, clay dunes are of importance in reconstructing paleoenvironments. 
Stratigraphie position of the clay dunes on Qpl in the Five Springs area 
indicates they are very late Pleistocene to Holocene in age. Strong, 
unidirectional winds blew during the dry season at the time of clay deposi­
tion, as indicated by the transverse form of the dunes. Wetter seasons 
must have separated the dry, however, since the presence of water at or 
near the surface annually is necessary for clay dune formation. 
Composition 
Compositionally, the dunes in the study area are mixtures of clay and 
gypsum, the latter giving them an alkaline character (Table 5). The gypsum 
was deposited on portions of the surface of the Bighorn Basin by weathering 
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Table 5. Clay dune descriptions. Secs. 19 and 20, T. 56 N., R. 93 W., 
Cottonwood Canyon Quadrangle, Wyoming (with aid of Lebruska, 
1978, personal communication, Soil Conservation Service, Powell, 
WY) 
Depth from 
Location Surface (cm) Description 
Sec. 30 surface Brown to white sodium salts. 
0 - 45 White clay loam. pH = 8.0 
45 - 90 White fine sandy loam. pH = 7.6-8.0 
90 - 150 Tan to white fine sandy loam. pH =7.2 
150 - 220 Tan, water saturated silty clay. pH = 7.2 
more than 220 Paleosol developed on alluvium. 
NEk, Sec. 30 surface Brown to white sodium salts. 
0 - 7 5  Grey, very fine sandy loam. Moist with 
white gypsum mottles. pH = 8.0. 
75 - 110 White, very fine sandy loam. Moist, 
approximately 12% smectite clay. pH = 8.1 
110 - 150 White clay and caliche. pH = 8.2 
150 - 180 Grey-black clay. W^t, reduced. 
180 - 210 Tan, water saturated clay. 
more than 210 Palesol developed oh alluvium. 
SE%, Sec. 19 surface Brown sodium salts. 
0 - 1 5  Brown, moist clay loam. 
15 - 30 Black, moist organic clay loam. 
30 - 40 Tan, moist clay loam. 
40 — 60 Tan, calcareous clay loam. 
60 - 120 White, calcareous clay loam. 
120 - 180 Black clay loam. Wet, reduced. Tan 
- mottles present. 
more than 180 Tan clay, standing water. 
of the Gypsum Spring Formation, particularly during the late Pleistocene. 
Eolian processes deflated the fine gypsum particles from the alkaline 
flats likely to the west and redeposited the grains near the base of the 
Bighorn Mountains. 
It is possible to recognize distinct carbonate, chloride, and 
sulfate mineral zones in the clay dunes. Calcite (in the form of caliche), 
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halite, and gypsum, respectively, are the dominant minerals. The first 
two of these are moved upward by capillary action from the water-
saturated clay-rich portions of the dunes; they are deposited as a thin 
crust with irregular microrelief on the surface (Fig. 16). Gypsum is 
found concentrated as white mottles up to several centimeters below the 
surface due to soil moisture activity. It is also found precipitated on 
the surface as a thin layer, transported upward through the dunes by 
capillary processes. 
Vegetation 
The clay dunes today are stabilized by a thick cover of a variety of 
grasses, all of which are adapted to conditions typified by high concen­
trations of halite and gypsum. Gardner salt bush and greasewood bring 
sodium ions up from the dunes through their roots and concentrate these 
ions in their leaves (Lebruska, 1978, personal communication, Soil Con­
servation Service, Powell, WY). Upon death of the plants, the sodium ions 
remain on the dune surface, further developing the thin, white alkaline 
crust found there. 
Eollan processes today 
Eolian activity is an ongoing process in the study area, although not 
of the magnitude it was in the past. Reheis (1984) erected two sediment 
traps in the valley of Cottonwood Creek and determined the annual eolian 
-4 2 
material deposited in both traps to be 10.8 x 10 g/cm . Of this volume, 
gypsum accounted for 0.86 x 10 ^ g/cm^, whereas calcium carbonate content 
was 3.8 X 10 ^ g/cm^; the remainder was silt and clay silicates. She 
likewise noted that gypsum contents were locally high enough in alluvial 
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fan soils in the same area to push small clasts upward a few centimeters 
as a result of expansion. 
Mantled Bedrock 
Locally in the Five Springs area, terraces, landslides, and alluvial 
fans have been partially or wholly destroyed and their gravels redistrib­
uted on a poorly developed bedrock surface. All such surfaces are identi­
fied on Fig. 5 as Qmb, and are located on weak rocks such as shale or at 
the base of dip slopes and escarpments. Debris mantling bedrock may be up 
to 2 m in thickness. Lithology and grain size of the surficial material 
are extremely variable; an example is included in the Appendix. 
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QUATERNARY CHRONOLOGY 
The Five Springs area is a small portion of the northeastern Bighorn 
Basin, but it contains a variety of landforms and sedimentary deposits 
that are typical of the overall region. It is my intent in this section 
to propose a unified model of the Quaternary history of the Five Springs 
area, which may be applied, at least in part, to terrains surrounding it. 
This interpretation is based upon the best data currently available which 
include the morphology of surficial deposits, topographic and stratigraphie 
relationships, clast weathering, soil development, climatic data, cross-
cutting relationships, inferred incision rates, the 600,000 year old North 
Kane Ash, and correlative features outside the study area. 
What transpired in this portion of the northeastern Bighorn Basin 
prior to the deposition of the Cottonwood Terrace gravels and the North 
Kane Ash is speculative. Intervals of aggradation and incision must have 
occurred, just as they have since that time. However, because of frequent 
stream captures, topographic inversions» reworking of materials, and the 
overall excavation of the Bighorn Basin, few Quaternary features more than 
600,000 years old are recognized in the study area. 
Chronologically the oldest well-preserved deposits include the gravels 
of the Cottonwood Terrace, the North Kane Ash, and alluvial fan sediments 
(Qf8) capping the ash. Incision followed, ceasing with the deposition of 
the Water Tank Terrace gravels ca. 400,000 years B.P. (Palmquist, 1983), 
and commencing once again after their emplacement. Alluvial fans likely 
developed during wetter intervals. 
106 
Apparently few surfaces or deposits are associated with the time span 
from 400,000 to 275,000 years B.P., which may be due to dry climatic 
conditions. Pediments, fans, and landslide debris are again associated 
with time intervals subsequent to the above, culminating in extensive 
terrace and fan formation about 100,000 years ago. The Red Flat tread and 
the alluvial fans which cap its gravels (Qf3, Qf2) all formed at approxi­
mately this time. Incision subsequent to early Pinedale time has only 
recently terminated. Although local terraces along Cottonwood Creek and 
small alluvial fans (Qfl) at the base of the Bighorn Mountains are both of 
Pinedale age, no extensive Pinedale or post-Pinedale terraces, fans, or 
incision have been identified, indicating a time-lag between climatic 
events and fluvial regimes. 
The inferred Quaternary chronology for the Five Springs area based 
upon climatic stages is presented in Table 6. It is predicated on the 
following: 
1. Climate is the major influence on the evolution of 
landforms in the northeastern Bighorn Basin. 
2. The estimated ages of glacial and interglacial stage 
boundaries used have been determined from the deep-
sea oxygen-isotope record (Shackleton and Opdyke, 
1973; Hays et al., 1976; Shackleton, 1977; Kukla, 
1977) (Fig. 17). 
3. The estimated Pleistocene mean entrenchment value for 
the Bighorn River is 0.158 m/1000 years (Palmquist, 
1983). 
4. Interglacial stability is associated with the Bighorn 
River, followed by late-interglacial and early-to-
mid-glacial incision (Mackin, 1937, Palmquist, 1984). 
5. The variable behavior of local creeks at any given 
time may be attributed not only to the activity of the 
Bighorn River but also to events in their drainage 
basins at the base of or within the Bighorn Mountains. 
6. Alluvial fan formation and frequent mass movements are 
associated with wetter intervals; pedimentaion and 
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dune development are processes inherent to drier 
climates. 
7. Stream captures typically occur during interglacial 
episodes and result from the out-of-phase relationship 
between the Bighorn River and its tributaries. This 
likewise gives rise to a series of local terraces 
that are impossible to correlate between creeks. 
A series of models demonstrating the response of various landforms 
and surficial systems to specific climatic intervals are found in Tables 
7-10. These are useful in interpreting the Quaternary history of the Five 
Springs area, and in preducting its future evolution. 
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Table 6. Quaternary chronology of the Five Springs area (based on data 
from Shackleton and Opdyke, 1973; Hays et al., 1976; Shackleton, 
1977; Kukla, 1977; Birdseye, 1980, 1983; Colman and Pierce, 1981; 
Palmquist, 1983, 1984). 
Approximate Age 
3 (xlO years) Events 
645 - 625 Stage 17 - interglacial. Stability and pedimentation, 
with local late-interglacial incision. 
625 - 590 Stage 16 - intense glacial. Early-glacial incision 
locally. Approximately 600,000 years B.P, (late 
glacial), Cottonwood Terrace gravels. North Kane Ash, 
and Qf8 deposited respectively. Sequence indicates 
the Bighorn River channel was braided and aggrading, 
and extensive fans were developing. Landslides common 
due to intense glacial climate and to volcanic-seismic 
activity in Yellowstone region. 
590 - 540 Stage 15 - interglacial. Stability and pedimentation, 
with late-interglacial Bighorn River incision. 
540 - 505 Stage 14 - glacial. Early-glacial Bighorn River 
incision, with later alluviation. Qf7 deposited. 
Frequent landslides. 
505 - 460 Stage 13 - interglacial. Stability and pedimentation, 
with local late-interglacial incision. 
460 - 430 Stage 12 - intense glacial. Early-glacial incision 
locally, with later alluviation. Qf6 deposited. 
Frequent landslides. Initial development of uppermost 
Five Springs Creek terraces. 
430 - 360 Stage 11 - lengthy interglacial with minor, frequent 
climatic fluctuations. Completion of Five Springs 
Creek terraces 7, 6, 5 between 430,000 and 415,000 
years B.P. Capture of Five Springs Creek with flow 
diverted approximately through present valley area 
about 415,000 years ago. Development of terraces 4, 
3 along Five Springs Creek from 415,000 to 400,000 
years B.P. Gravels of Water Tank Terrace and Five 
Springs Creek terrace 2 deposited 400,000 years ago. 
Late-interglacial incision followed. 
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Table 6 (continued) 
Approximate Age 
3 (xlO years) Events 
360 - 335 Stage 10 - glacial of low intensity and short duration. 
Early-glacial incision, with later local alluviation. 
Some landslides. Few surfaces associated with this 
time interval. 
335 - 275 Stage 9 - interglacial. Stability and pedimentation, 
with local late-interglacial incision. 
275 - 245 Stage 8 - glacial. Early-glacial incision locally with 
later alluviation. Qf5 deposited. Frequent landslides. 
245 - 190 Stage 7 - interglacial with frequent climatic fluctua­
tions of varying intensity. Pedimentation and stability 
intervals of short duration. Capture of Five Springs 
Creek back into its northern valley parallel to present 
Willow Creek. Local late-interglacial incision. 
190 - 135 Stage 6 r- intense glacial, most pronounced between 
145,000 and 135,000 years B.P. (late Bull Lake). Early-
glacial incision locally, with later alluviation. Qf4 
deposited. Frequent landslides. 
135 - 75 Stage 5 - lengthy interglaciation with minor, frequent 
climatic fluctuations. 100,000 years B.P.: Red Flat 
Terrace gravels and Five Springs Creek terrace 1 allu­
vium deposited contemporaneously, with Field Camp Ash 
laid down along Shell Creek to south of study area. 
Local landsliding due to volcanic-seismic activity in 
the Yellowstone region. Qf3 and Qf2 deposited imme­
diately after terrace gravels-approximately 95,000 
and 90,000 years ago, respectively. Some landslides. 
Stage 5 apparently was a wetter-than-normal inter-
glacial. Late-interglacial incision. 
75 - 60 Stage 4 - early Pinedale (most pronounced 70,000-
60,000 years B.P.). Early-glacial incision with 
later local alluviation mainly in the form of small 
fans (Qfl) at base of Bighorn Mountains. Frequent 
landslides. 
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Table 6 (continued) 
Approximate Age 
3 (xlO years) 
60 - 25 
Events 
Stage 3 - interglaciation with intervening mid-Pinedale 
advance 50,000-35,000 years ago. Development of Cotton­
wood Creek terraces. Final capture of Five Springs 
Creek into its present valley, with incision at its 
mouth in response to previous drop in level of Bighorn 
River. Pedimentation and stability intervals of short 
duration. Landslides and alluvial fans (Qfl) during 
glacial advance. 
25 - 10 Stage 2 - late Pinedale (most pronounced 22,000-12,000 
years B.P.). Local, minor early-glacial incision, with 
later alluviation. Landslides and small alluvial fans 
(Qfl) at base of Bighorn Mountains. 
10 - Present Stage 1 - Holocene interglaciation. Stability and 
alluviation in Bighorn River ; headwardly migrating 
knickpoint in lower local channels in response to Big­
horn River drop in Pinedale time; out-of-phase rela­
tionship between the two systems. Remainder of local 
creek systems more stable. Clay dunes deposited 
9,000-5,500 years ago during hypsithermal interval. 
Modern Bighorn Basin denudation rate from Kane gauging 
station data is 0.05 m/1000 years. 
Fig. 17. Estimated ages of the glacial-interglacial stages in the past 
650,000 years, as determined from the deep-sea oxygen-isotope 
records Each curve représents data from a different marine 
core. Shaded areas on the curves represent heavier isotope 
values, indicating times of high ice volumes due to colder 
temperatures and increased precipitation (Shackleton and 
Opdyke, 1973; Hays et al., 1976; Shackleton, 1977, in Colman 
and Pierce, 1981) 
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Table 7. Climatically-controlled process-response model of landform 
development in the Five Springs area during an interglacial 
interval (based on data from Birdseye, 1980, 1983; Palmquist, 
1983, 1984) 
Process and Portion of 
Study Area Involved 
Fluvial - Bighorn River 
Fluvial - local creek 
channels 
Response(s) and Landform(s) 
Stability, with some deposition of floodplain 
sediments which will form the tread of a 
terrace upon subsequent late-interglacial, 
early-glacial channel entrenchment. 
Local incision at mountain front and in mid­
section; terraces develop in latter. Stability 
in lowest section. 
Alluvial fan - base of 
Bighorn Mountains 
Pediment - base of high 
relief surfaces 
Landslide - Bighorn Moun­
tains and high relief 
areas elsewhere 
Minimal fan development except during wettest 
interglacials. 
Pedimentation where stability and lateral 
plahatidn prevail. 
Stable climate is least conducive to land-
sliding . 
Eolian - low relief areas Dune development during warmest and driest 
intervals. 
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Table 8. Climatically-controlled process-response model of landform 
development in the Five Springs area during a late-interglacial 
to early-glacial interval (based on data from Birdseye, 1980, 
1983; Palmquist, 1983, 1984) 
Process and Portion of 
Study Area Involved 
Fluvial - Bighorn River 
Fluvial - local creek 
channels 
Alluvial fan - base of 
Bighorn Mountains 
Pediment - base of high 
relief surfaces 
Landslide - Bighorn Moun­
tains and high relief 
areas elsewhere 
Response(s) and Landform(s) 
Increased runoff and greater competence induces 
incision, with former interglacial floodplain 
slowly inverted into a terrace. 
Deposition at mountain front; stability and 
lateral planation in mid-portion; entrenchment 
in lower section due to Bighorn River incision. 
Fan development more pronounced. 
Pedimentation where stability and lateral 
planation prevail. 
Wetter climate and increased mechanical 
weathering favors landsliding. 
Eolian - low relief areas Minimal dune development. 
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Table 9. Climatically-controlled process-response model of landform 
development in the Five Springs area during a glacial interval 
(based on data from Birdseye, 1980, 1983; Palmquist, 1983, 1984) 
Process and Portion of 
Study Area Involved 
Fluvial - Bighorn River 
Fluvial - local creek 
channels 
Alluvial fan - base of 
Bighorn Mountains 
Pediment - base of high 
relief surfaces 
Landslide - Bighorn Moun­
tains and high relief 
areas elsewhere 
Response(s) and Landform(s) 
Continued incision and terrace development. 
Deposition at mountain front; stability and 
lateral planation in mid-portion; entrench­
ment in lower section due to Bighorn River 
incision. 
Extensive fans form at the base of the Bighorn 
Mountains and may spread westward into the 
basin. 
Minimal pedimentation except in areas of 
stability and lateral planation. 
Climatic conditions most favorable to mass 
movements. 
Eolian - low relief areas Negligible due to wetter climate. 
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Table 10. Climatically-controlled process-response model of landform 
development in the Five Springs area during a late-glacial to 
early-interglacial interval (based on data from Birdseye, 1980, 
1983; Palmquist, 1983, 1984) 
Process and Portion of 
Study Area Involved 
Fluvial - Bighorn River 
Fluvial - local creek 
channels 
Response(s) and Landform(s) 
Alluviation with eventual stability. Sediment 
delivered from incising tributaries. 
Stability or incision at mountain front; 
alluviation or stability in mid-portion, 
stability at mouth with incision and headwardly 
migrating knickpoint in lower valley due to 
previous drop in Bighorn River level. 
Alluvial fan - base of 
Bighorn Mountains 
Pediment - base of high 
relief surfaces 
Continued fan development in late-interglacial 
times; later fans more confined to base of 
Bighorn Mountains. 
Minimal pedimentation. 
Landslide - Bighorn Moun­
tains and high relief 
areas elsewhere 
Mass movement activity waning. 
Eolian - low relief areas Increased wind intensity associated with 
changing climate and onset of drier conditions 
both conducive to eolian activity. Loess 
possible, with dune development during warmest 
and driest intervals. 
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CONCLUSIONS 
1. The most important control on Quaternary geomorphic processes and 
elements in the northeastern Bighorn Basin has been climate. Tectonism, 
other than seismicity associated with volcanic activity in the vicinity 
of Yellowstone National Park, has been negligible. 
2. The oldest surficial deposits and highest surfaces in the Five Springs 
area formed ca. 600,000 years ago. 
3. Fluvial processes have dominated in the region for at least the last 
600,000 years. Volcanic, landslide, and eolian influences are also 
present, but to a lesser degree. 
4. The almost constant gradient of the Bighorn River throughout the time 
encompassed by this study suggests that its competence has varied 
little during this interval. 
5. The following list outlines the area's major topographic features, 
their geomorphic implications, and the general climate(s) associated 
with each: 
a. Modem Bighorn River channel and floodplain: Fine 
sediments dominate. Coarse debris is lacking because 
the moderate Pinedale glaciation and ensuing dry 
interglacial climate prevented an abundance of coarse 
gravels from entering the river system. 
b. Bighorn River terraces; Alluviation from late-glacial 
through interglacial times, with Incision forming a 
terrace in late-interglacial to mid.-glacial periods. 
The terrace gravels represent stability intervals 
during the otherwise cdntihuous excavation of the 
Bighorn Basin. Thus, data from this study support 
Mackin's (1937) ideas concerning the evolution of 
terrace levels along the Bighorn River. 
c. Local creek terraces: Thèse show variable responses 
to a prevailing climate depending upon stream segment 
studied, behavior of the Bighorn River, and geologic 
and climatic conditions in the catchment area. 
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Increased runoff during glacial intervals is conducive 
to tributary erosion and extension of drainage 
networks. Overall, however, climatically-controlled 
Bighorn River base level changes are the primary 
influence on the regimes of local creeks, with the two 
systems presently in-phase only near their junction. 
d. Alluvial fans: Maximum fan development occurs during 
the most intense glacial intervals when there is 
increased runoff, accelerated mechanical weathering 
yielding greater quantities of sediment, and more 
extensive debris flows and other mass movements. Fan 
development is likewise equated with wetter 
interglacials, such as stage 5. 
e. Pediments: Fedimentation is a process associated with 
stable periods, when lateral planation and 
transportation of debris across pediment surfaces are 
common fluvial phenomenons. 
f. Landslides: The most frequent and extensive mass 
movements are related to glacial climates and/or 
volcanic-seismic events. 
g. Eolian deposits: Clay dunes form during the warmest 
and driest interglacial times. Those in the study area 
are of hypsithermal age, indicating abnormally dry 
conditions during a portion of the Recent interglacial. 
6. Local creeks form a transitory link between environments in the Bighorn 
Mountains and those in the Bighorn Basin; they are profoundly affected 
by conditions in both regions. 
7. Numerous stream captures in the mid-section of Five Springs Creek 
during the most unstable and lengthy interglaciations attest to the 
repetition of Pleistocene climates. 
8. Volcanic ashes, especially the 600,000 and 100,000 year B.P. deposits 
are the most important stratigraphie markers and chronologic tools 
yet found in and around the Five Springs area. The particular useful­
ness of the North Kane Ash locally may be attributed to its thickness 
and good preservation as a result of immediate burial by an alluvial 
fan (QfS). 
119 
9. Quaternary climates of a given type have not all been of equal magni­
tude or duration. The most intense glacial climates from which 
sediments are preserved in the northeastern Bighorn Basin are believed 
to have occurred ca. 600,000, 440,000, and 140,000 years ago. A dry 
climate existed between 400,000 and 275,000 years B.P., while extremely 
wet interglacial conditions prevailed 100,000-90,000 years ago. Al­
though the Wisconsin was one of the most intense glaciations in the 
Midwest, its Pinedale equivalent was relatively subdued in the north­
eastern Bighorn Basin. The subsequent Holocene interglacial has been 
unusally dry. Thus, not all Pleistocene climates have been capable of 
generating terraces or extensive alluvial fans. 
10. The last complete climatic cycle was the Bull Lake. The following 
events should occur in the future to complete the Pinedale cycle: 
a. Local creek stability with valley widening. 
b. Alluviation of tributary valleys with fans at valley 
mouths. 
c. Late-interglacial Bighorn River incision to a lower 
level, leaving its modem floodplain as a terrace of 
Pinedale age. 
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APPENDIX: CLAST COUNTS AND DIMENSIONS 
Procedure 
Pebble counts and clast dimensions were determined for all of the 
various Quaternary deposits. A 3 m x 3 m square was selected, and ICQ 
clasts greater than 2 cm in diameter were counted and measured at each 
site. 
Data on Representative Quaternary Deposits 
Geomorphic 
Feature Frac. 
Stream 
Alluvium-
Cottonwood 
Creek 
(Qal) 
Stream 
Alluvium-
Five Spgs. 
Creek 
(Qal) 
Stream 
Alluvium-
Willow 
Creek 
(Qal) 
Alluvial 
Fan 
Sequence 1 
(Qfl) 
Alluvial 
Fan 
Sequence 2 
(Qf2) 
SEh 
nwk 
swk 
NWk 
SE% 
Dimensions 
Sec. T. R. Lithology Percent Maximum Mean 
3 56N. 94W. Carbonate 97 0.3 m 8 cm 
Chert __3 
100 
32 56N. 93W. Carbonate 
Chert 
Granite 
14 56N. 94W. Carbonate 
Chert 
Granite 
17 56N. 93W. Carbonate 
76 
2 
22 
100 
94 
4 
2 
100 
100 
100 
0.6 m 
8 cm 
2 m 
34 57N. 94W. Carbonate 96 0.3 m 
Chert 4 
100 
18 cm 
2.5 cm 
25 cm 
8 cm 
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Geomorphic 
Feature 
Alluvial 
Fan 
Sequence 3 
(Qf3) 
Alluvial 
Fan 
Sequence 4 
(Qf4) 
Alluvial 
Fan 
Sequence 5 
(Qf5) 
Alluvial 
Fan 
Sequence 6 
(Qf6) 
Alluvial 
Fan 
Sequence 7 
(Qf7) 
Alluvial 
Fan 
Sequence 8 
(Qf8) 
Red Flat 
Terrace 
(Qrf) 
Water 
Tank 
Terrace 
(Qwt) 
Frac. Sec. T. R. 
SWJs 3 56N. 94W. 
SWJs 5 56N. 93W. 
NEk 20 56N. 93W. 
mk 28 56N. 93W. 
NWk 27 56N. 93W. 
SEh 3 56N. 94W. 
SVk 34 56N. 94W. 
SEJs 34 56N. 94W. 
Lithology Percent 
Carbonate 94 
Chert 6 
100 
Carbonate 98 
Chert 2 
100 
Carbonate 99 
Chert 1 
100 
Carbonate 97 
Chert 3 
100 
Carbonate 96 
Chert 4 
100 
Carbonate 92 
Chert 2 
Quartzite 6 
100 
Andesite 33 
Basalt 28 
Carbonate 9 
Granite 18 
Quartzite 12 
100 
Andesite 21 
Basalt 22 
Carbonate 6 
Granite 15 
Quartzite 36 
100 
Dimensions 
Maximum Mean 
0.3 m 9 cm 
2m 20 cm 
2m 20 cm 
1 m 15 cm 
1.5 m 20 cm 
0.7 m 12 cm 
17 cm 5 cm 
10 cm 3 cm 
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Geomorphic 
Feature 
Cottonwood 
Terrace 
(Qcw) 
Cottonwood 
Creek 
Terrace 1 
(Qtl) 
Cottonwood 
Creek 
Terrace 2 
(Qt2) 
Cottonwood 
Creek 
Terrace 3 
(Qt3) 
Cottonwood 
Creek 
Terrace 4 
(Qt4) 
Five Spgs. 
Creek 
Terrace 1 
(Qtl) 
Five Spgs. 
Creek 
Terrace 2 
(Qt2) 
Five Spgs. 
Creek 
Terrace 3 
(Qt3) 
Five Spgs. 
Creek 
Terrace 4 
(Qt4) 
Frac. Sec. T. R. 
SE% 3 56N. 94W. 
SEk 4 56N. 94W. 
Lithology Percent 
Andesite 25 
Basalt 50 
Chert 10 
Quartzite 15 
100 
Carbonate 91 
Chert 9 
100 
Dimensions 
Maximum Mean 
20 cm 7 cm 
18 cm 5 cm 
20 cm 5 cm 
0.3 m 10 cm 
19 cm 5 cm 
SEk 4 56N. 94W. Carbonate 93 
Chert 7 
100 
SE^s 1 56N. 94W. Carbonate 90 
Chert 10 
100 
NW*; 3 56N. 94W. Carbonate 92 
Chert ^ 
100 
SW^s 3 56N. 94W. Carbonate 94 10 cm 2.5 cm 
Chert 2 
Granite 4 
100 
SEk 3 55N. 94W. Carbonate 81 25 cm 5 cm 
Chert 6 
Granite 13 
100 
NEJj 2 55N. 94W. Carbonate 94 25 cm 5 cm 
Chert 2 
Granite 4 
100 
SW^i 2 55N. 94W. Carbonate 92 22 cm 5 cm 
Chert 3 
Granite 5 
100 
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Geomorphic 
Feature 
Five Spgs. 
Creek 
Terrace 5 
(Qt5) 
Five Spgs. 
Creek 
Terrace 6 
(Qt6) 
Five Spgs. 
Creek 
Terrace 7 
(Qt7) 
Pediment 1 
Deposits 
(Qpl) 
Frac. Sec. 
nwis 
nek 
swis 
32 
32 
32 
35 
Dimensions 
T. R. Lithology Percent Maximum Mean 
56N. 93W. Carbonate 
Chert 
Granite 
56N. 93W. Carbonate 
Granite 
56N. 93W. Carbonate 
Chert 
Granite 
57N. 94W. Andesite 
Basalt 
Carbonate 
Chert 
Granite 
Quartzite 
80 
6 
14 
100 
75 
25 
100 
84 
3 
13 
100 
22 
42 
4 
8 
4 
20 
100 
0.3 m 12 cm 
0.6 m 
1 m 
15 cm 
0.7 m 20 cm 
10 cm 
Pediment 2 
Deposits 
(Qp2) 
Landslide 
Deposits-
Recent 
Fall 
(Qrlr) 
Landslide 
Deposits-
Ancient 
Fall 
(Qrla) 
Landslide 
Deposits-
Recent 
Slide 
(Qrsr) 
SWis 
nek 
nek 
sek 
22 
21 
17 
56N. 93W. Carbonate 
Chert 
56N. 93W. Carbonate 
56T^. 93W. Carbonate 
56N. 93W. Carbonate 
Sandstone 
96 
4 
100 
100 
100 
100 
100 
98 
2 
100 
2.5 m 0.3 m 
3 m 
8m 
2 m 
0.7 m 
2 m 
0.3 m 
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Geomorphic 
Feature Frac. 
Landslide 
Deposits-
Ancient 
Slide 
(Qrsa) 
swk 
Sec. 
25 
Lithology Percent 
56N. 93W. Carbonate 
Chert 
Granite 
Quartzite 
Sandstone 
81 
3 
13 
2 
1 
100 
Dimensions 
Maximum Mean 
3 m 1 m 
Landslide 
Deposits-
Recent 
Flow 
(Qdfr) 
Landslide 
Deposits-
Ancient 
Flow 
(Qdfa) 
Mantled 
Bedrock 
(Qmb) 
seji 26 56N. 93W. 
NW!s 
nwjj 31 
Carbonate 
Granite 
Quartzite 
Sandstone 
56N. 93W. Carbonate 
Sandstone 
56N. 93W. Carbonate 
Chert 
Granite 
76 
12 
7 
5 
100 
89 
11 
100 
77 
2 
21 
100 
2 m 0.5 m 
3 m 
20 cm 
1 m 
8 cm 
